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The influence of the inhomogeneous tissue layer on the generation of acoustic vortices (AV) is studied theoretically
and experimentally based on the phase screen model. By considering the time-shift of a random phase screen, the formula
of acoustic pressure for the AV beam generated by a circular array of eight planar piston sources is derived. With the actual
correlation length of the abdominal wall, numerical simulations before and after the insertion of the inhomogeneous tissue
layer are conducted, and also demonstrated by experimental measurements. It is proved that, when the thickness variation
of the phase screen is less than one wavelength, no significant influence on the generation of AVs can be produced. The
variations of vortex nodes and antinodes in terms of the location, shape, and size of AVs are not obvious. Although the
circular pressure distribution might be deformed by the phase interference with a larger thickness variation, AVs can still
be generated around the center axis with perfect phase spirals in a reduced effective radius. The favorable results provide
the feasibility of AV generation inside the human body and suggest the application potential of AVs in object manipulation
for biomedical engineering.
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1. Introduction
After the concept of wave front dislocation[1] was intro-

duced by Nye in 1974, the physical meaning of the phase dis-
location or the phase singularity in wave propagation attracts
more and more attention to the optical vortex (OA). Due to
the characteristics of the polarization and the rotational angu-
lar momentum of light, the unique structure of phase in OAs
was demonstrated to possess the orbital angular momentum
(OAM), which could be used to manipulate objects with the
exerted rotation torque. In 1992, driven by the OAM trans-
ferred from a Laguerre–Gaussian laser beam,[2] the particles
were observed to rotate around the beam axis successfully.
Through the experimental measurement of the torque, Allen
also proved that the OAM of an OA was proportional to the
corresponding topological charge. Then, the basic theory of
OA was explained in detail by Neuma[3] and the structure de-
sign of optical tweezers was also proposed to improve the ef-
fects in optical manipulation.

Compared to the light beam, acoustic waves can prop-
agate into deep media and can be used to manipulate parti-
cles inside tissues, which suggest the feasibility of broad ap-
plications in nondestructive testing and biomedical engineer-
ing. By using two sets of phased ultrasonic transducer arrays,
the accurate position control of standing wave node[4] in air
was realized by Hoshi and the practical application of three-

dimensional (3-D) manipulation for mm-scale particles was
also demonstrated. Then, based on the surface resonance of
phononic crystals, an acoustic sieve[5] was designed by Li to
locate, capture, sift and transport nanoscale particles with a lo-
cal high radiation force. However, the application of the pro-
posed methods is still hindered by the specific manner of the
acoustic field.

As a kind of acoustic wave with continuous helical wave
fronts around the beam axis, the acoustic vortex (AV)[6–8]

shows an obvious pressure zero at the vortex center with an in-
trinsic phase singularity. The possibility of the OAM transfer
to objects is produced by the continuous phase spiral. The ob-
ject manipulation inside tissues can be realized by the exerted
radiation torque, which shows significant application potential
in biomedical and industrial areas. An underwater ultrasonic
calibration system[9] composed of four high-frequency trans-
ducers was designed. The existence of screw wave fronts and
phase dislocations was proved and the qualitative relationship
between the acoustic pressure and the OAM of the AV was also
obtained. A quantitative test[10] for the OAM transfer from
the AV to an acoustic absorbing object immersed in a viscous
liquid was conducted by Anhauser. In addition, Demore[11]

proved that the ratio of the OAM to the acoustic power of an
AV was equivalent to the ratio of the topological charge l to
the angular frequency ω .
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In order to generate AVs with sparse sources, a phase-
coded approach[12] was proposed by Yang using a circular ar-
ray of point sources. It was proved that, for N point sources,
the AV beam with a controllable topological charge can be
generated, and the phase difference resolution of the adjacent
sources was demonstrated to be π . The maximum topological
charge of the AV beam generated by an N-element system was
proved to be fix[(N−1)/2], where fix(x) rounded the element
x towards zero. Then, the distributions of acoustic pressure
and phase for AVs were studied by Gao[13] and Zheng,[14] and
the judge criterion for linear circular phase distribution and the
impact factors for annular pressure distribution were also pro-
posed. Moreover, by considering the directivity of the sources,
Li extended the point source model to a high-frequency di-
rectional source array.[15] Theoretical and experimental results
showed that AVs could be generated by the main lobe and the
side lobes of the directional sources along the beam axis. The
vortex valleys (nodes) produced by the pressure nulls (PNs)
between the lobes were located on the beam axis to form deep-
level multiple traps, which provided the feasibility of 3D ma-
nipulation.

In previous studies, the generation of AVs was investi-
gated only in a single medium without the consideration of
acoustic transmission in layered or inhomogeneous media.
However, the acoustic propagation can be influenced by the
inhomogeneity of tissues, resulting in great impact on AVs.
In biomedical applications, due to the layered structure and
the inhomogeneity of tissues, the abdominal wall should not
be treated as a single homogeneous medium. In the field of
high-intensity focused ultrasound (HIFU) therapy, the layered
model[16–18] of tissues was established to study the influence
of layered media on the pressure distribution in the focal area;
whereas, the structure of the model is different from that of the
abdominal wall, and the phase distortion in acoustic propaga-
tion is sensitive[19,20] to the phased array in medical devices. It
was reported by Liu that the inhomogeneity of the abdominal
wall has obvious influences on the location, shape, and inten-
sity of the focal region, and the impact of the phase distortion
introduced by the time delay is more significant[21–23] than that
caused by acoustic attenuation in tissues. For the phase-coded
approach, besides the physical characteristics of the circular
transducer array, the generation of AVs is determined by the
accurate individual phase control for each source. Since the
acoustic pressure at each point is the superimposition of the
signals transmitted from the sources, the distribution of the AV
will be affected by the phase shift during the acoustic transmis-
sion. Obvious location deviation and pressure deformation of
AVs will be produced by the range of the random phase vari-
ation. Therefore, the influence of the inhomogeneous tissue
layer should be taken into account on the generation of AVs,
especially for the abdominal wall in human body.

In this paper, based on the phase variation of the abdom-
inal wall, the influence of the inhomogeneous tissue layer on
the generation of AVs is investigated using the random phase
screen model. For the AV beam generated by a circular ar-
ray of planar transducers, the inhomogeneous tissue layer with
the actual correlation length of the abdominal wall is applied
to introduce the additional random phase shift. The simula-
tion results are also demonstrated by the experimental mea-
surements with an eight-element transducer array and a phase
screen slab. The good agreement between numerical simu-
lations and experimental measurements prove that the phase
screen has a more obvious impact on the distribution of acous-
tic pressure than that of phase. When the thickness variation
is less than one wavelength, no significant influence on the
generation of AVs can be produced. The variations of vortex
nodes and antinodes in terms of the location, shape, and size
of AVs are not obvious. Although the circular pressure dis-
tribution might be deformed by the thickness variation larger
than one wavelength, AVs can still be generated around the
beam axis with perfect phase spirals. The favorable results
certify the feasibility of AV generation inside the human body
and suggest the application potential of multiple traps in object
manipulation.

2. Principle and method

To generate the AV beam at the frequency of MHz in
water, the phase-coded approach is employed to excite the
N-element circular transducer array, which is illustrated in
Fig. 1. N planar piston transducers (radius a) are fixed uni-
formly on a circumference (radius R) with a spatial angle dif-
ference of ∆ϕ = 2π/N [12–15] to form a circular source plane.
N sinusoidal signals at the angular frequency ω are used to
drive the transducers to produce the composite acoustic beam
in free space above the source plane. The phase difference
between the adjacent sources is set to ∆φ = l∆ϕ to gener-
ate the AV beam with a controllable topological charge l. If
the radius a is not much less or even bigger than the wave-
length of the acoustic waves, the radiation pattern D(θ) =

|2J1 (kasinθ)/(kasinθ)|[12–15] of the transducers should be
considered, where J1 (x) is the Bessel function of first order, θ

is the radiation angle of the source, ka=ωa/c is the key factor
determining the radiation directivity of the planar transducer,
and k = ω/c is the wave number for the acoustic velocity c.

By setting the center of the source plane as the origin in
the cylindrical coordinates as shown in Fig. 1, the position
and the initial phase of the n-th source Sn can be expressed as
(R,ϕ0n,0) and φ0n for ϕ0n = (n−1)∆ϕ and φ0n = (n−1)∆φ .
The acoustic pressure[15] transmitted from Sn to the observa-
tion position Q at (r,ϕ,z) can be written as
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pn (r,ϕ,z) = jω
ρ0u0a2

Rn

[
J1 (kasinθ)

kasinθ

]
× exp[j (ωt− kRn)]exp(jφ0n) , (1)

where u0 is the vibration velocity amplitude of the source sur-
face, and ρ0 is the density of the medium.

Rn =

√
(r cosϕ−Rcosϕ0n)

2 +(r sinϕ−Rsinϕ0n)
2 + z2

is the propagation distance from Sn to Q, and θ =

arcsin
(√

R2
n− z2/Rn

)
. Then, in order to generate AVs, the

phase difference ∆φ = 2πl/N is used to produce a total phase
shift of 2πl for the N sources. Therefore, by considering ϕ0n

and φ0n for each source, the acoustic pressure at Q can be cal-
culated as the summation of all the transmitted signals as

p(r,ϕ,z) = jωρ0u0a2
N

∑
n=1

{[
J1 (kasinθ)

Rnkasinθ

]
× exp[j (ωt− kRn)]exp [jφ0n]

}
. (2)

It can be observed that the radiation pattern of
each source is determined by ka. For ka � 1, D(θ) =

|2J1 (kasinθ)/(kasinθ)| can be simplified to 1 and the trans-
ducer can be treated as a point source to generate a spheri-
cal radiation. Due to the circular symmetry of the sources
with a fixed phase difference in turn, the generation of
AVs from the source plane along the central axis has been
demonstrated.[15,24] However, with the increase of ka, the di-
rectivity of the acoustic beam appears with obvious side lobes
and the corresponding pressure nulls (PNs). For the transduc-
ers with ka� 1, the sketch map of the axial profile for the
generation of AVs is illustrated in Fig. 1(b) without the in-
serted tissue layer. It shows that, besides the AV generated
by the main lobes of the sources, cone-shaped AVs produced
by the side lobes are closer to the source plane with relatively
lower pressures. Corresponding to the radiation angles of the
PNs between the lobes, several vortex valleys (nodes) with
nearly pressure zero can be generated on the central axis to
form multiple Gor’kov potential traps.[15] For a fixed ka, the
axial distances of vortex nodes can be calculated by R/tanθ ,
where θ is the radiation angle of PN determined by the roots of
J1 (kasinθ). Hence, the number and position of vortex nodes
on the beam axis can be predicted, which is beneficial to the
precise design of deep-level multiple traps.
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Fig. 1. (color online) (a) Schematic diagram of the AV generation system with the N-element circular transducer array, and (b) the sketch map
of the axial profile with the insertion of an inhomogeneous tissue layer.

Although the multiple traps of the AV beam along the
center axis can be generated by the main lobe and the side
lobes in water, they are also influenced by the complex
structure of the abdominal wall with obvious inhomogene-
ity. Through one-dimensional (1-D) fluctuation measurement
of time delay for the abdominal wall, Krammer[25] observed
that the arrival time of the wave front was different from
each other with random individual difference. The time delay

followed the statistic law[26] with a correlation length of 2–
10 mm. Hinkelman[27] demonstrated that the time-shift aber-
ration formed by the abdominal wall could be explained by
the simplified phase screen model,[28] and could be estimated
by a time-shift compensation algorithm. The inhomogeneous
tissue layer can be regarded as a thin layer for acoustic trans-
mission, and the random phase fluctuation of acoustic wave is
only affected by the influence of the acoustic velocity, while
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the pressure attenuation is considered as a constant. Based on
the correlation length and the mean square deviation (standard
deviation) parameter,[21,22] the phase screen is generated ran-
domly by a two-dimensional (2-D) phase interference data.

By considering the inhomogeneity of a tissue layer, the
phase screen is applied to calculate the distribution of acous-
tic pressure. Assume that the attenuation coefficient and the
acoustic speed in tissues are higher than those in water with
the differences of ∆α and ∆c, and the transmission distance
of the n-th source can be written as Rn = RnW +RnT , where
RnW and RnT are the distances in water and in the tissue layer,
respectively. The additional acoustic attenuation in the tissue
layer can be simplified to exp(−∆αRnT) = 1, and the reduced
transmission time can be calculated by ∆t = RnT/(c+∆c)−
RnT/c = RnT∆c/ [(c+∆c)c]. Therefore, the acoustic pressure
in Eq. (2) can be revised to

prev (r,ϕ,z)

= jωρ0u0a2
N

∑
n=1

{[
J1 (kasinθ)

Rnkasinθ

]
× exp[j (ωt−ω∆t− kRn)]exp [jφ0n]

}
. (3)

Hence, the transmission distance RnT in the tissue layer
can be calculated by a geometric method, and the phase shift
can be achieved with the thickness variation. The distributions
of acoustic pressure and phase before and after the insertion of
the phase screen can be calculated to analyze the influence on
the generation of AVs.

3. Numerical and experimental studies
According to the parameters of the experimental setup,

numerical studies of acoustic pressure and phase of the AV
beam with a= 0.7 cm, R= 3 cm, and N = 8 were conducted at
f = 1 MHz. The phase difference of the adjacent sources was
set to ∆φ = π/8 to generate the AV beam with a topological
charge of 1. The sound speed in water was c = 1500 m/s. For
the circular transducers with a high ka of 29.32, the radiation
pattern of the sources was considered in pressure superimpo-
sition for AV generation. The distributions of AVs before and
after the insertion of the phase screen were simulated, and also
compared with the experimental results.

The axial pressure profile of the AV beam generated by
the transducer array from z = 10 cm to 40 cm is illustrated
in Fig. 2(a). It is clear that the acoustic pressure along the
beam axis is almost zero, indicating the formation of the vor-
tex cores of AVs at different axial distances. Several regions of
AVs produced by the main lobe and the side lobes are clearly
displayed with obvious pressure nulls produced between the
lobes. Compared to the AV generated by the side lobes of
the sources, the acoustic pressure of the AV generated by the
main lobe is much higher at a longer axial distance. Corre-
sponding to the maximum and minimum pressures of the AV
beam around the center axis, obvious vortex nodes and antin-
odes are distributed alternatively at different axial distances.
As shown in Fig. 2(a), two vortex nodes are located at 12 cm
and 22 cm, while two antinodes are positioned at 17 cm and
40 cm, respectively.
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Fig. 2. (color online) Numerical results of (a) the axial pressure profile and the cross-sectional distributions of (b), (d) pressure and
(c), (e) phase for the AV beam at the axial distances of (b), (c) 40.0 cm and (d), (e) 22 cm in water.

034301-4



Chin. Phys. B Vol. 27, No. 3 (2018) 034301

In order to analyze the characteristics of the vortex antin-
odes, the cross-sectional distributions of pressure and phase
at z = 40 cm are plotted in Figs. 2(b) and 2(c). In the cen-
ter region (r < 1.0 cm) in Fig. 2(b), obvious circular distri-
butions with a center pressure zero are clearly displayed, and
the radius of the pressure peak is located at r = 0.8 cm. The
corresponding phase distribution in Fig. 2(b) shows a per-
fect phase spiral around the vortex center with a singularity
at the origin, demonstrating the formation of the AV. Mean-
while, although the acoustic pressure is influenced by the eight
sources as shown in Fig. 2(a), an expanded scope with com-
plete phase spiral in r < 1.2 cm (dashed circle) indicates the
existence of an effective AV. As a comparison to vortex antin-
odes, the cross-sectional distributions of pressure and phase
at z = 22 cm (vortex node) are plotted in Figs. 2(d) and 2(e).
Even though the acoustic pressure in the center region is much
lower than that of the surrounding area, an approximately cir-
cular distribution can still be observed in Fig. 2(d) and the for-
mation of the AV is also proved by the perfect phase spiral
in r < 0.8 cm (dashed circle) in Fig. 2(e). Thus, it can be
concluded that AVs can be generated along the center axis of
the acoustic beam at all the distances. The pressure peaks of
the vortex antinodes are much higher than those of the vortex
nodes, which can be applied to achieve faster trapping[15] with
higher pressure gradient in object manipulation.

It was also reported by Hinkelman[27] that the body wall
played the most important role among all the phase fluctua-
tions introduced by the inhomogeneity inside the human body.
The spatial distribution of the phase screen was determined by
the correlation length, which was the inhomogeneous length
scale of tissues. Liu[22] also observed that the inhomogene-
ity of human tissues had a certain impact on the distribution

of a focused ultrasound, while the influence of the correlation
length was relatively small. Therefore, in this study, an inho-
mogeneous tissue layer with a correlation length of 3.0 mm
and a controllable thickness variation was used to investigate
the influence on the generation of AVs. In numerical stud-
ies, a phase screen model is used to depict the extended ran-
dom medium with a series of slabs at a random thickness. The
phase variation can be calculated by the fluctuation of the ran-
dom thickness introduced time-shift. When the thickness is
the order of the correlation length of the inhomogeneous tis-
sue layer, the random phase variation is produced by the pro-
jection onto a screen without the consideration of acoustic at-
tenuation, which exhibits a Gaussian correlation function with
a zero mean. The simulation model of the phase screen with
the maximum thickness variation of one wavelength (±λ/2)
is shown in Fig. 3(a), which is assumed to be placed in front of
the transducer array to produce the random phase interference.

By considering the time-shift of the thickness variation,
the pressure distribution was simulated with the insertion of
the inhomogeneous tissue layer based on Eq. (3). The ax-
ial pressure profile from z = 10 cm to 40 cm presented in
Fig. 4(a) shows a consistent distribution to Fig. 2(a) with an
approximately symmetric structure. The acoustic pressure on
the beam axis is much lower than that at the surrounding area,
and several vortex nodes and antinodes along the beam axis
can also be observed at similar axial distances. However, due
to the influence of the random time-shift of phase variation, the
pressure distribution is deformed significantly with an asym-
metry in pressure amplitude, especially for the vortex nodes
and antinodes in terms of the location, shape, and size around
the beam axis.
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Fig. 3. (a) Simulation model of the random phase screen, and (b) the picture of the experimental transducer array and the fabricated
inhomogeneous tissue layer with the thickness of (4±0.75) mm.
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For the vortex antinode at z = 40 cm in the transverse
plane, the acoustic pressure at the origin is almost zero as
shown in Fig. 4(b), and an approximate circular distribution
can still be identified with the pressure peaks located at r =

0.5 cm. Meanwhile, the corresponding distribution of phase in
Fig. 4(c) shows a perfect spiral around the origin in r < 0.7 cm
(dashed circle) and a less perfect spiral in 0.7 cm< r < 1.2 cm
(dashed circle), still demonstrating the formation of the AV
in the transverse plane. In addition, for the vortex node at
z = 22 cm, although the acoustic pressure in the center region

is very low in Fig. 4(d), the circular pressure distribution with
a perfect phase spiral in r < 0.5 cm (dashed circle) in Fig. 4(d)
also proves the existence of the AV. The simulation results in-
dicate that, for the random phase screen with the maximum
thickness variation in one wavelength, AVs can be generated
along the beam axis at all the distances with a reduced effec-
tive radius. With the increase of the thickness variation range,
more significant impact on the formation of AVs can be pro-
duced by the greater phase shifts, which are introduced by the
bigger thickness variations of the inhomogeneous tissue layer.
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Fig. 4. (color online) Numerical results of (a) the axial pressure profile and the cross-sectional distributions of (b), (d) pressure and (c), (e)
phase for the AV beam at the axial distances of (b), (c) 40 cm and (d), (e) 22 cm with the insertion of the inhomogeneous tissue layer.

According to the parameters of the simulation model
in Fig. 3(a), an inhomogeneous tissue layer as shown in
Fig. 3(b) was fabricated by a photopolymer (ZR820 RESIN,
acoustic speed 2540 m/s) using the 3-D printing technology.
The maximal and minimal thicknesses of the slab were set
from 3.25 mm to 4.75 mm with the variation range of one
wavelength. The experimental transducer array as shown in
Fig. 3(b) was assembled by eight planar position transducers
(a= 0.7 cm) fixed on a circumference (R= 3 cm) on an acrylic
plane. An eight-channel phase-coded device[15] made of DDS
chips and power amplifiers was applied to drive the transduc-
ers. Then, with the 3-D scanning system (Newport M-ILS250,
Newport Corporation, USA), the distribution of the acoustic
field was measured by a needle hydrophone (Onda HNR-1000,
Onda Corporation, USA). The step grid of the measurements
was set to 0.8 mm. The radial distance was set to 8 cm for the
x and y directions, and the axial distance was set from 10 cm

to 40 cm.
With the insertion of the tissue layer, the experimental ax-

ial pressure profile illustrated in Fig. 5(a) agrees well with the
simulation result in Fig. 4(a). A basically symmetrical distri-
bution is clearly displayed with almost pressure zero along the
beam axis. The vortex nodes and antinodes can also be vi-
sualized at the axial distances around 12 cm, 17 cm, 22 cm,
and 40 cm. However, the symmetrical pressure distribution is
deformed by the influence of the phase screen. The location,
shape, and size of vortex nodes and antinodes are not exactly
the same as those in Fig. 4(a), which are also too vague to
be differentiated clearly. Corresponding to Figs. 4(b) and 4(e),
the cross-sectional measurements were conducted at z= 40 cm
and 22 cm, which are plotted in Figs. 5(b)–5(e). For the vortex
antinode at z = 40 cm as shown in Fig. 5(b), a clear pressure
zero is clearly displayed at the origin. Except for the pres-
sure peaks at r = 0.8 cm (dashed circle), the circular pres-
sure distribution around the vortex center cannot be formed,
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whereas, the perfect phase spiral in r < 0.9 cm (dashed circle)
displayed in Fig. 5(c) also demonstrates the existence of the
AV. In addition, for the vortex node at z = 22 cm as shown in
Fig. 5(d), the distribution in the center region is in a mess at a
low-level pressure and the influence of the sources cannot be

identified clearly. Nevertheless, the formation of the AV can
still be demonstrated by the perfect phase spiral in r < 0.5 cm
(dashed circle) in Fig. 5(e). Thus, the experimental results
provide further evidence to the lesser influence of the phase
screen on the generation of AVs.
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Fig. 5. (color online) Experimental results of (a) the axial pressure profile and the cross-sectional distributions of (b), (d) pressure and
(c), (e) phase of the AV beam at the axial distances of (b), (c) 40 cm and (d), (e) 22 cm with the inhomogeneous tissue layer.

4. Discussion
The phase screen model used in this study is an efficient

approximation method to deal with the influence of random
media on wave propagation, providing a clear physical con-
cept for phase interference. The model separates the influences
of amplitude attenuation and phase shift from each other to re-
alize theoretical simplification. For the acoustic transmission
through an actual inhomogeneous tissue layer, the impact of
the random phase screen on the acoustic pressure and phase
can be produced by the difference of the thickness. With the
random phase screen, the variation of acoustic attenuation is
not obvious, while the phase change caused by the acoustic
speed is relatively significant with an intensive phase fluctua-
tion. The generation of AVs with the circular transducer ar-
ray is the superimposition result of the phased acoustic beams,
which is more sensitive to the phase variations of the radiated
waves. Thus, the random phase screen model is sufficient to
analyze the influence of the tissue layer on the generation of
AVs inside human body. However, by considering the effects
of the acoustic attenuation and the phase shift of the abdom-
inal wall, more accurate study should be further carried out,
which shows its great significance to the practical application

of AVs in biomedical engineering.
Also as we know, the cross section of an ideal AV has a

circular pressure distribution and a helical phase distribution.
The time-averaged flux of the OAM density around each cir-
cumference in the transverse plane is the same with a same
circular distribution of the acoustic radiation force, which is
beneficial for the accurate design of particle manipulation. Al-
though the ideal circular pressure distribution might be de-
formed by the influence of the phase screen with random phase
shifts, the formation of AVs can also be proved by the helical
phase distributions. The effects of object manipulation and
particle accumulation can still be realized by the helical di-
rection of the acoustic radiation forces around each circumfer-
ence, in spite of the difference of OAMs. Moreover, in order to
reduce the influence of the inhomogeneous abdominal wall, a
lower frequency of acoustic signals with a bigger wavelength
should be applied to achieve the relatively smaller phase dif-
ferences of the random phase screen. The deformation of AVs
introduced by the phase screen can also be reduced by the can-
cellation effect of phase interference for more acoustic sources
of the circular array.

The experimental measurements exhibit good agreements
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with the numerical results, demonstrating the formation of
AVs along the beam axis before and after the insertion of the
inhomogeneous tissue layer. However, obvious differences
can still be observed between the experimental and theoreti-
cal results, which might be introduced by the uncertain factors
as below. Firstly, the error is produced probably by the asym-
metric structure of the transducer array and the inconsistency
of the sources. Secondly, since the results are influenced by
the randomness of the inhomogeneous tissue layer, the acous-
tic distribution of each experimental measurement is unique,
which is different from the others. In addition, further inves-
tigations on the correlation length impact of the tissue layer
and the optimization algorithm[29] of the random phase screen
should also be performed for AVs in the practical application
of biological tissues.

5. Conclusion
In this paper, based on the acoustic radiation of a circu-

lar array of planar piston sources, the mechanism underlying
the generation of AVs is investigated with the consideration of
the random phase screen. By applying the actual parameters
of the abdominal wall, numerical simulations before and after
the insertion of the inhomogeneous tissue layer are performed,
and also demonstrated by experimental measurements. Both
theoretical and experimental results prove that the distribution
of AVs can be affected by the phase screen with random time-
shifts. In the actual thickness variation range of human tissues,
no obvious influence of the phase screen can be introduced to
the generation of AVs, and the variations of vortex nodes and
antinodes in terms of the location, shape, and size are not sig-
nificant. Although the circular pressure distribution might be
deformed by the phase interference with the thickness varia-
tion higher than one wavelength, AVs can still be generated
with perfect phase spirals around the center axis with a re-

duced effective radius. The favorable results provide the fea-
sibility of the generation of AVs through the abdominal wall,
and suggest the application potential of object manipulation
inside the human body in biomedical engineering.
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