
PHYSICAL REVIEW APPLIED 21, 044029 (2024)

Acoustic polygonal Bessel vortices based on metasurfaces
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Acoustic vortices (AVs) play a significant role in the fields of acoustic communication and microparticle
manipulation. Traditional AVs exhibit doughnut-shaped intensity profiles, which may restrict their appli-
cation scenarios. Here, we propose an acoustic polygonal Bessel vortex (APBV), which can be generated
by the coaxial coupling of multiple acoustic asymmetric Bessel vortices (AABVs). The number of sides of
the APBV is dependent on the number of superimposed AABVs. Both topological charge and asymmetry
coefficient of the AABV impact on the performance of the APBV, and the APBV also exhibits excellent
nondiffracting characteristics. Moreover, an acoustic reflection metasurface (ARM) consisting of grooved
units is designed to realize the APBV in air. Through simulations and experiments, we verify the gener-
ation of the APBV by the proposed ARM. The APBV may find potential applications in the polygonal
manipulation of microparticles and acoustic communication.

DOI: 10.1103/PhysRevApplied.21.044029

I. INTRODUCTION

Acoustic vortices (AVs) carrying orbital angular
momentum (OAM) have attracted a lot of scientific interest
due to their unique applications in microparticle trapping
and manipulation [1–4], and acoustic communication [5–
11]. Over the past decade, various AVs have been inves-
tigated for a variety of applications [1–17]. The intensity
profile of a standard AV with integer topological charge
(TC) is radially symmetric and has a doughnut-shaped
form. Many studies have been conducted on the use of
the integer AVs to trap, levitate, manipulate, and rotate
particles and living cells [1–4,12,13]. The fractional AV
exhibits an extra radial phase discontinuity, which leads to
a low-intensity gap on the annular intensity pattern. This
additional factor facilitates the transit of microparticles and
audio communication [14–17]. The propagation-invariant
and nondiffraction properties of Bessel AVs make them
ideal for long-distance transmission of information [18–
21]. The asymmetry serves as a substitute factor to modify
the acoustic OAM and enhance the singularity behav-
ior of AVs. More recently, polygonal vortices have been
explored in optics [22–32]. Kovalev and Kotlyar [24]
reported a type of polygonal vortex that might alter the
field distribution without altering the OAM. Xia et al.
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[31,32] developed polygonal vortices with tunable shapes,
sizes, and TCs, which can trap particles along various
polygonlike curves. It was reported that micromanipula-
tion may be made simpler with a perfect polygonal optical
vortex that has variable energy distribution at its ver-
tices. Nevertheless, there has not yet been any reporting of
the investigation on acoustic polygonal vortices. Acoustic
polygonal vortices, if they could be realized, may be devel-
oped for acoustic communication and particle manipula-
tion technologies, such as manipulating polygonal-shaped
objects, collecting and/or trapping particles into polygonal
regions, and moving particles along polygonal trajectories.

In this work, we realize an acoustic polygonal Bessel
vortex (APBV) via the coaxial couplings between multiple
acoustic asymmetric Bessel vortices (AABVs). The num-
ber of AABVs determines how many sides the APBV has.
The propagation characteristics of APBVs as well as the
acoustic intensity and phase distributions are investigated.
We go into great detail into how the asymmetry parame-
ter and TC of AABVs affect the acoustic characteristics of
the APBV. Moreover, an acoustical reflective metasurface
(ARM) composed of grooved structural units is designed
to achieve the APBV in air. We also conduct experiments
to verify that the suggested ARM realizes the APBV.

II. ACOUSTIC POLYGONAL BESSEL VORTEX

The APBV can be constructed by coupling several
AABVs. In a cylindrical coordinate system, the complex
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amplitude of an AABV is expressed as follows [33]:

pl(r, θ , z) = exp(ilθ)exp(ikrz)
∞∑

q=0

βqexp(iqθ)

q!
Jl+q(kzr),

(1)

where r, θ , and z represent the radial distance, the angu-
lar coordinate, and the axial coordinate of the cylindrical
coordinate system; Jl+q is the (l + q)th-order Bessel func-
tion; l is the TC; q is the number of superimposed Bessel
vortices; and kz and kr are the axial and radial wave vec-
tors, respectively. The complex parameter β = β0exp(iϕ)

is an asymmetry parameter, where the real part β0 is the
asymmetry index and can only regulate the asymmetry
of AABV, while the imaginary part ϕ denotes the initial
rotation angle of the AABV. Equation (1) can be further
simplified to [34]

pl(r, θ , z) = exp(ilθ)exp(ikrz)
[

kzr
kzr − 2βexp(iθ)

]l/2

Jl

{√
kzr[kzr − 2βexp(iθ)]

}
. (2)

When β0 = 0, Eq. (2) returns to the formula of a standard
Bessel vortex.

In Figs. 1(a1)–1(a4), we plot the normalized theoret-
ical acoustic intensity distributions of AABVs with the
β0 values of 0, 1, 4, and 7, respectively, according to
Eq. (2). Here, ϕ = 0, l = 2, and the observation plane is
at z = 0. Figures 1(b1)–1(b4) represent the corresponding
phase profiles. As β0 = 0, a distinct ring-shaped acoustic
intensity distribution with a central null pressure is shown
in Fig. 1(a1) and the phase shifts from −π to π twice in
an annular loop in a clockwise direction [in Fig. 1(b1)].
These properties are in accord with those of a Bessel vortex
with l = 2. In Fig. 1(a2), for β0 = 1, the acoustic inten-
sity distribution changes to a crescent shape. Meanwhile,
a phase singularity is observed at the center of Fig. 1(b2)
and the phase still shifts from −π to π twice. However,
it can be clearly seen that, in addition to the central sin-
gularity, there are several new singularities appearing on
the x axis that are paired, evenly numbered, and asym-
metrically distributed on both sides of the origin. As β0
increases to 4, the acoustic intensity distribution of the
AABV changes to an arc-shaped pattern, as shown in
Fig. 1(a3). In Fig. 1(b3), the singularity distribution is
similar to that in Fig. 1(b2), but the intervals of the sin-
gularities on the negative x axis become small and those
on the positive x axis are enlarged. When β0 = 7, the
acoustic intensity distribution of the AABV becomes a
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FIG. 1. Normalized theoretical
acoustic intensity distributions of
the acoustic asymmetric Bessel
vortices (AABVs) with (a1) β0 =
0, (a2) β0 = 1, (a3) β0 = 4,
and (a4) β0 = 7. Here, ϕ = 0
and TC l = 2. (b1)–(b4) Corre-
sponding phase profiles. Normal-
ized theoretical acoustic inten-
sity distributions of AABVs with
(c1) ϕ = 2π/3, (c2) ϕ = 2π/4,
(c3) ϕ = 2π/5, and (c4) ϕ =
2π/6. Here β0 = 4 and l = 2.
(d1)–(d4) Corresponding phase
profiles. The observation plane is
at z = 0.
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FIG. 2. Normalized theoretical acoustic intensity distributions of the acoustic polygonal Bessel vortices (APBVs) with (a1) m = 3,
(a2) m = 4, (a3) m = 5, and (a4) m = 6. Here, l and β0 are fixed at –1 and 4, respectively. (b1)–(b4) Corresponding phase profiles.
The observation plane is z = 0.

spindle shape, as shown in Fig. 1(a4). It is observed in
Fig. 1(b4) that the intervals of the singularities on the
negative x axis further decrease and those on positive x
axis increase. Therefore, the increase in the asymmetry
index leads to continuous increases in the asymmetry of
both the acoustic intensity and the phase of the AABV
[33,35,36]. Figures 1(c1)–1(c4) show the normalized theo-
retical acoustic intensity distributions of AABVs with ϕ of
2π/3, 2π/4, 2π/5, and 2π/6, respectively. Here, β0 = 4
and l = 2. Figures 1(d1)–1(d4) represent the correspond-
ing phase profiles. It is clearly observed that the ϕ value
almost does not affect the shape of the acoustic intensity
and the phase distributions of the AABV, but induces an
anticlockwise rotation of the acoustic field with an angle
of ϕ.

Next, we investigate the superimposition of multiple
AABVs with different ϕ. Each AABV has the same param-
eters except for the ϕ value that is determined by ϕn =
2π(n − 1)/m, (n = 1, 2, 3 . . . , m), where m is the number
of the AABVs. The superposition of m AABVs can be
expressed as

Pm
l (r, θ , z) =

m∑

n=1

pl(r, θ , z)|ϕn . (3)

Figures 2(a1)–2(a4) show the normalized theoretical
acoustic intensity distributions based on Eq. (3) for m of
3, 4, 5, and 6, respectively. Here, l and β0 are fixed at –1
and 4, respectively. The corresponding phase profiles are
displayed in Figs. 2(b1)–2(b4). For m = 3, the interference
of three AABVs with ϕ1 = 0, ϕ2 = 2π/3, and ϕ3 = 4π/3
forms a triangular ring pattern of acoustic intensity, as
shown in Fig. 2(a1). In the phase profile [Fig. 2(b1)],
the innermost phase distribution appears as a triangle
with a central phase singularity and the phase around this

singularity shifts from −π to π once in an anticlockwise
direction. In addition, three new phase singularities appear
very close to the central singularity, which is due to the
coupling of three AABVs. In Fig. 2(a2), the superimposi-
tion of four AABVs with ϕ1 = 0, ϕ2 = 2π/4, ϕ3 = 4π/4,
and ϕ4 = 6π/4 results in a quadrilateral-like ring pattern
of acoustic field. A central phase singularity surrounded
by four phase singularities can be observed in Fig. 2(b2).
As m = 5 and m = 6, a pentagonlike ring pattern and
a hexagonlike ring pattern are observed in Figs. 2(a3)
and 2(a4), respectively. Meanwhile, except for the central
phase singularity, five and six surrounding phase singular-
ities can be found in Figs. 2(b3) and 2(b4), respectively.
Therefore, the superposition of m AABVs with the equal
angular spacing of ϕ can achieve an APBV with m sides.
Moreover, with a fixed TC, a larger value of m leads to a
higher number of sides and a larger dark central area of the
formed polygonal sound field.

Figures 3(a1)–3(a4) show the normalized theoretical
acoustic intensity distributions of APBVs with β0 of 2,
3, 4, and 6, respectively. Here, l and m are fixed at
–1 and 4, respectively. The corresponding phase profiles
are displayed in Figs. 3(b1)–3(b4). As β0 = 2, the inter-
ference of four AABVs with ϕ1 = 0, ϕ2 = 2π/4, ϕ3 =
4π/4, and ϕ4 = 6π/4 forms a lattice pattern of acous-
tic intensity, as shown in Fig. 3(a1). In the phase profile
of Fig. 3(b1), the innermost phase around the central
phase singularity shifts from −π to π , corresponding to
the TC l = −1. The interference of four AABVs results
in four new phase singularities around the central singu-
larity. In Fig. 3(a2), the couplings among four AABVs
with β0 = 3 produce a cross-shaped acoustic field. In this
case, four phase singularities generated by the interfer-
ence of four AABVs are very close to the central phase
singularity [in Fig. 3(b2)]. For β0 = 4, a distinct
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FIG. 3. Normalized theoretical acoustic intensity distributions of the APBVs with (a1) β0 = 2, (a2) β0 = 3, (a3) β0 = 4, and (a4)
β0 = 6. Here, l and m are fixed at –1 and 4, respectively. (b1)–(b4) Corresponding phase profiles. The observation plane is z = 0.

quadrilateral-like ring pattern is observed in the acoustic
intensity distribution of Fig. 3(a3). One central phase sin-
gularity and four surrounding phase singularities can be
found at the central region [in Fig. 3(b3)], leading to the
central zero-intensity region. As β0 further increases to 6,
the intensity of the inner quadrilateral-like ring pattern is
reduced and those of the peripheral fringes are enhanced,
as shown in Fig. 3(a4). This is because the distance of the
spindle-shaped acoustic field of the AABV from the coor-
dinate origin increases with increasing β0 value, and the
range of the spindle-shaped acoustic field is also increased.
Therefore, the asymmetry index β0 could adjust the shape
of the APBVs.

The influence of the TC of the AABV on the perfor-
mance of the APBV is further studied. Figures 4(a1)–4(a4)
represent the normalized theoretical acoustic intensity

distributions of APBVs with l of 1, 2, 3, and 4, respec-
tively. Here, β0 and m are both fixed at 4. The corre-
sponding phase profiles are shown in Figs. 4(b1)–4(b4).
In four cases, the interferences of the AABVs construct a
quadrilateral-like ring pattern of the acoustic field and the
innermost phase distribution includes a central phase sin-
gularity and four surrounding phase singularities. For an
APBV whose shape has been determined, with increasing
l values, the size of the quadrilateral-like ring pattern of
the acoustic field enlarges and the interval between the cen-
tral phase singularity and the surrounding singularities also
increases accordingly. This is mainly because the intensity
peak of the AABV expands from the center and grows out-
wards as the l value increases [33]. In addition, it is surpris-
ing in the phase profiles that the phases of all outer rings
shift from −π to π (l + 4) times in a clockwise direction.

(a1) (a2) (a3) (a4)
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FIG. 4. Normalized theoretical acoustic intensity distributions of the APBVs with (a1) l = 1, (a2) l = 2, (a3) l = 3, and (a4) l = 4.
Here, β0 and m are both fixed at 4. (b1)–(b4) Corresponding phase profiles. The observation plane is z = 0.
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FIG. 5. (a) Normalized theoretical acoustic intensity distribution of the APBV in the y-z plane. Here, l, m, and β0 are fixed at –1,
4, and 4, respectively. Normalized theoretical acoustic intensity distributions in the cross-sectional planes of (b1) z = 0, (b2) z = 10λ,
(b3) z = 15λ, (b4) z = 20λ, and (b5) z = 25λ. (c1)–(c5) Corresponding phase profiles.

We further examine the propagation characteris-
tics of the APBV. Figure 5(a) shows the normalized
theoretical acoustic intensity distribution of the APBV in
the y-z plane. Here, l, m, and β0 are fixed at –1, 4, and
4, respectively. It is observed that the APBV could extend
to a relatively long distance, and the width between two
inner intensity fingers is almost unchanged with increas-
ing z. Figures 5(b1)–5(b5) show the normalized theoret-
ical acoustic intensity distributions of the APBVs in five
cross sections of z = 0, 10λ, 15λ, 20λ, and 25λ, respec-
tively. The corresponding phase profiles are shown in Figs.
5(c1)–5(c5). The distinct quadrilateral-like ring patterns
are observed in all five cross sections. The phase profiles
exhibit a rotation with propagation distance because the
propagation component of exp(ikrz) may undergo an addi-
tional phase shift during the propagation process [37,38].
Therefore, the proposed APBV also exhibits excellent
nondiffracting characteristics.

III. SIMULATIONS AND EXPERIMENTS

To realize the proposed APBV, an ARM is further
designed. Perfectly achieving a vortex requires modulation
of both the amplitude and phase of the generator, but it is
difficult to control both at the same time [39,40]. Compar-
ing the influences of amplitude and phase on the vortex, we
choose a phase-modulated metasurface [39–48]. Accord-
ing to Eq. (3), we extract the required phase distribution

of the ARM to generate an APBV with l = 1, β0 = 4, and
m = 4, as shown in Fig. 6(a). Here, we set the background
medium as air and the working frequency as 15 kHz. The
ARM is composed of 110 × 110 grooved structural units,
and the cutaway view of the unit is shown in Fig. 6(b). The
unit could be made from a photosensitive resin with a mass
density of 1160 kg/m3 and a sound speed of 2242 m/s, and
thus it can be treated as acoustically rigid in air [49,50].
The outer width d of the grooved unit is 5.5 mm, and the
outer height w is 11.5 mm. There is a groove inside the
unit with a width t of 4.5 mm and a depth of h. The rela-
tionship between the reflected phase and amplitude and
the groove depth h can be obtained by numerical simula-
tions, as shown in Fig. 6(c). In simulations, the amplitude
of incident wave is 1 Pa. It is observed that the depth of
the groove mainly affects the reflected phase of the unit
but has almost no influence on the reflected amplitude. As
the groove depth h changes from 0 to λ/2, the reflection
phase shift of the unit increases from 0 to 2π . Meanwhile,
the reflection of the unit can always remain very high
(approximately 1). Then, each unit of the ARM is finally
designed by comparing the required phase distribution
[Fig. 6(a)] with the phase-depth relationship [Fig. 6(c)],
and the designed depth distribution of all units of the ARM
is shown in Fig. 6(d).

According to the depth distribution in Fig. 6(d), the geo-
metric model of the ARM could be finalized, as shown
in Fig. 7(a). Figures 7(b) and 7(c) show the normalized

044029-5



YANG SUN et al. PHYS. REV. APPLIED 21, 044029 (2024)

(a) (b)

(c) (d)

A
m
pl
itu

de

FIG. 6. (a) Required phase distribution of an acoustic reflec-
tion metasurface (ARM) to generate an APBV with l = 1, β0 =
4, and m = 4. The background medium is air and the working
frequency is 15 kHz. (b) Schematic diagram of the cross section
of the grooved unit of the ARM. (c) Variations of reflected ampli-
tude and phase shift of the grooved structural unit with the groove
depth h. (d) Depth distribution of the ARM.

simulated acoustic intensity and phase distributions
reflected by the ARM. The observation plane is at z = 15λ.
In Fig. 7(b), the acoustic intensity distribution appears
as a quadrilateral-like ring pattern. One central phase
singularity and four surrounding phase singularities can
be found at the central region of the phase profile in
Fig. 7(c). These characteristics agree well with the the-
oretical results shown in Fig. 5. Based on the geometric
model shown in Fig. 7(a), we further fabricate an ARM
sample via three-dimensional (3D) printing technology,
as shown in Fig. 7(d). A loudspeaker with a central fre-
quency of 15 kHz is placed at z ≈ 2 m (z ≈ 87λ) to
produce an incident quasiplane wave. A 1/4-in. micro-
phone (Brüel & Kjær type 4938) is connected with a
3D stepper motor to scan the acoustic fields with a
step size of 0.667 cm (approximately 0.3λ) and the dis-
tance from the microphone to the ARM sample is fixed
at around 15λ. Figures 7(e) and 7(f) show the normal-
ized measured acoustic intensity and phase distributions
reflected by the ARM sample. It is observed that the mea-
sured acoustic intensity and phase distributions match well
with the simulated and analytical results. The few discrep-
ancies are mostly caused by the sample fabrication error,
the large measurement step, and the incident quasiplane
wave. Therefore, we experimentally demonstrate that the
proposed APBV can be achieved by a well-designed
ARM.
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FIG. 7. (a) Three-dimensional configuration of the acoustic
reflection metasurface (ARM) for generating the APBV with
l = 1, β0 = 4, and m = 4. Normalized simulated (b) acous-
tic intensity and (c) phase distributions reflected by the ARM.
(d) Photograph of the ARM sample. Normalized measured (e)
acoustic intensity and (f) phase distributions reflected by the
ARM. The observation plane is at z = 15λ.

IV. CONCLUSIONS

We realize an APBV via the coaxial coupling of several
AABVs and the number of sides of the APBV is equal to
the number of the superimposed AABVs. The influences
of the asymmetry coefficient β0 and TC l of the AABV on
the performance of the APBV are investigated. The asym-
metry coefficient β0 can adjust the shape of the APBV
and the size of the APBV increases with the l value. We
find that the APBV possesses a good nondiffracting feature
and can travel over a very large distance. We further con-
struct an ARM with 110 × 110 grooved units to achieve
the APBV in air, as demonstrated by simulations. Ulti-
mately, we fabricate an ARM sample and experimentally
confirm that the ARM is capable of producing the APBV.
The construction principle of this APBV could also apply
to a liquid background medium (see Appendix). The pro-
posed APBV may have more fascinating applications in
the manipulation of microparticles and acoustic communi-
cation. Compared with a standard vortex, the APBV could
be developed for the manipulation of polygonal-shaped
particles, collecting microparticles into specific polygo-
nal regions, and translating microparticles along polygonal
trajectories. Besides the TC, the complex field of the
APBV could provide other carriers, such as the number of
sides of the polygonal field, to encode more information,
which may increase the channel capacity of APBV-based
communication technology.
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APPENDIX: ACOUSTIC POLYGONAL BESSEL
VORTEX IN LIQUID

We further demonstrate the theoretical analysis and
numerical simulations with a liquid background. Figures
8(a1) and 8(b1) show the theoretical intensity and phase
distributions of an acoustic quadrilateral vortex in water,
respectively. Here, l = 1, β0 = 4, m = 4, the working fre-
quency is 0.5 MHz, and the observation plane is at z =
15λ. Comparing Figs. 8(a1) and 8(b1) with Figs. 4(a1) and
4(b1) in the main text, it is found that quadrilateral vortices
in both water and liquid exhibit similar field profiles. An
ideal plane source composed of 110 × 110 pixels, with an
amplitude of 1 Pa and a phase profile similar to that shown
in Fig. 6(a), is further employed to generate the quadri-
lateral vortex in numerical simulations, and the results are
shown in Figs. 8(a2) and 8(b2). The background medium
is set as water. The simulations agree well with the the-
oretical results, proving the possibility of generating an
APBV in water. In future experiments, transmitted meta-
surfaces made of resin or reflected metasurfaces made of
stainless steel could be employed to generate an APBV in
water. Owing to the orthogonality of the OAM carried by
the vortex, the topological charges of the APBV could be
used as the information carrier for remote acoustic com-
munication technology. Besides the topological charges,
the complex field of the APBV may provide other carriers,

such as number of sides of the polygonal field, to encode
more information, resulting in a larger channel capacity.
This is one application advantage of the polygonal vortex
over the doughnut vortex.

In order to demonstrate the application potential on the
manipulation of microparticles, we further investigate the
Gor’kov potential distribution of a Rayleigh polystyrene
(PS) particle in the acoustic quadrilateral vortex field. The
Gor’kov potential U can be expressed as follows [51,52]:

U = 2πr3
sρ0

⎛

⎜⎜⎝

〈|p|2〉

3ρ2
0 c2

0
f1 −

〈∣∣∣ ⇀
v

∣∣∣
2
〉

2
f2

⎞

⎟⎟⎠ , (A1)

Where rs represents the radius of the particle, p and ⇀
v are

the first-order pressure and velocity vector of the acous-
tic field, and ρ0 and c0 are the mass density and sound
speed of the background medium. f1 = 1 − κ ′ and f2 =
2(ρ ′ − 1)/(2ρ ′ + 1) are the contributions of the particle’s
unipolar and dipolar vibrations, respectively, with κ ′ =
κp/κ0 being the compression ratio and ρ ′ = ρp/ρ0 being
the density ratio. Here, ρp represents the mass density of
the particle, κ0 and κp represent the compression moduli
of the background medium and the particle, respectively.
The PS sphere has a diameter of 300 μm, a mass density of
1050 kg/m3, a compression modulus of 3.08 × 10−10 1/Pa,
a longitudinal sound speed of 2170 m/s, and a transverse
sound speed of 1100 m/s. Then the acoustic radiation force
received by the particle in the gradient acoustic field can

(a1) (a2) (a3)

(b1) (b2) (b3)

FIG. 8. Acoustic quadrilateral vortices generated in water. Theoretical (a1) intensity and (b1) phase distributions of a quadrilateral
vortex. Simulated (a2) intensity and (b2) phase distributions of a quadrilateral vortex generated by an ideal plane source. In both cases,
l = 1, β0 = 4, m = 4, the working frequency is 0.5 MHz, and the observation plane is at z = 15λ. (a3) Acoustic radiation force (black
cones) received by a Rayleigh polystyrene particle in the quadrilateral vortex shown in (a2). (b3) Acoustic energy flow density (black
arrows) of the quadrilateral vortex shown in (a2).
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be calculated as follows [51,52]:

Frad = −∇U, (A2)

and the calculated results are shown by the black cones
in Fig. 8(a3). It is observed that the central quadrilateral
forms a quadrilateral potential valley, which indicates that
the particle will be pushed into this potential valley. When
there are more particles, they could be concentrated into
this quadrilateral region. Finally, the acoustic energy flow
density ⇀s = p ⇀

v is calculated for this quadrilateral vortex,
as shown in Fig. 8(b3). Its annular field presents a trajec-
tory consistent with the quadrilateral acoustic field, and the
energy flow is related to the OAM of the vortex, which may
play a certain role in the movement of microparticles along
the polygonal trajectory. Similar situations could also be
found for the cases of other APBVs, such as pentagons
and hexagons, which would have characteristics that dif-
fer from those of doughnut-shaped acoustic vortices. This
is another application advantage of the polygonal vortex
over the doughnut vortex, since the latter exhibits a circular
intensity field.
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