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Dual-ring acoustic vortices carrying two orbital angular momentums are anticipated to provide new
perspectives and capabilities for acoustic communication and microparticle manipulation. However,
the flexible generation of a high-quality dual-ring acoustic vortex is still a challenge. Here, a hybrid-
degenerated cribriform plate (HDCP) is proposed to produce a dual-ring focused acoustic vortex (FAV).
The HDCP comprises L sets of circular holes arranged on L counterclockwise Fresnel spiral (FS) arms. A
part of these circular holes is concurrently located on M clockwise FS-arms. Their distribution regularities
on the counterclockwise and clockwise FS-arms have been analytically derived to effectively tailor the
dual-ring FAVs: an outer FAV with topological charge L and an inner FAV with topological charge −M.
Furthermore, an HDCP stainless steel structure is fabricated to experimentally demonstrate the generation
of a dual-ring FAV. Finally, the combined action of the outer and inner FAVs is demonstrated to be able
to roll a particle along an annular trajectory. The dual-ring FAVs generated by the proposed concept of
HDCPs may find potential applications in particle manipulation and acoustic communication.
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I. INTRODUCTION

Acoustic vortices have attracted considerable attention
in the past two decades due to their potential applica-
tions in acoustic communication [1–3], acoustic imaging
[4], and microparticle manipulation [5–9]. Conventional
vortex beams with integer topological charges carry single-
ring intensity profiles [10–12]. More recently, a dual-ring
vortex has been first explored in optics due to its special
properties and applications [13–17]. A dual-ring optical
vortex that carries two orbital angular momenta has been
reported that is able to improve the orbital angular momen-
tum multiplexing capacity in communication [13], sort
particles, and enhance imaging quality. As a counterpart,
the dual-ring acoustic vortex has not yet been thoroughly
studied.

Active transducer arrays have been commonly used
to dynamically and flexibly generate conventional vortex
beams [8,18,19]. Producing a dual-ring acoustic vortex
with more intricate acoustic field distribution requires a
large number of transducer elements with high-precision
phase control, which is quite challenging. Recently, a
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Fourier-transform system composed of an acoustic met-
alens and an off-axis parabolic reflector was developed
to generate a dual-ring perfect acoustic vortex [20]. A
single-phase-modulation metasurface has also been pro-
posed to achieve coaxial coupling between two quasiper-
fect ultrasonic vortices, producing an ultrasonic braided
ring beam [21]. The phase units on these metasurfaces
usually sit close to each other for structural compactness,
which in turn degrades the performance of acoustic vor-
tices due to the interaction of adjacent phase units. The
cribriform plate is a more concise and precise option for
producing the dual-ring acoustic vortex [22]. It has been
reported that the mixtures of concentric vortices with dif-
ferent orbital angular momentums can be realized in both
optics and acoustics based on the degeneracy of cribriform
plates [22–25]. However, this previous research focused
on the coupling between two opposite orbital angular
momentum modes [25] or two vortices with a signifi-
cant difference in orbital angular momentum [23,24]. Cus-
tomizing a high-quality dual-ring acoustic vortex remains
a challenge.

In this work, we propose and develop a hybrid-
degenerated cribriform plate (HDCP) to generate dual-ring
FAVs. The HDCP is composed of L sets of circular holes
located on L counterclockwise Fresnel spiral (FS) arms
for generating an FAV with a topological charge of L. A
part of these circular holes are concurrently located on
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M clockwise FS-arms, which can produce an FAV with
a topological charge of −M. We theoretically derive the
distribution rule of the circular holes on the counterclock-
wise and clockwise FS-arms for effectively customizing
the dual-ring FAVs. It is demonstrated that the intensity
ratio of the inner and outer FAVs can be adjusted by chang-
ing the diameter of the circular holes on the clockwise
FS-arms. We also perform a transmitted acoustic field mea-
surement experiment to verify the generation of a dual-ring
FAV through an HDCP stainless steel sample. Finally, we
use the obtained dual-ring FAVs to roll a particle along an
annular trajectory.

II. HYBRID-DEGENERATED CRIBRIFORM
PLATE PRODUCING A DUAL-RING FOCUSED

ACOUSTIC VORTEX

It is well-known that L counterclockwise FS-arms dis-
tributed uniformly in the azimuthal direction can produce
an FAV with a topological charge of L [26]. Each counter-
clockwise FS-arm can be further replaced by N 1 circular
holes [25]. The HDCP concurrently includes L counter-
clockwise FS-arms and M clockwise FS-arms. The posi-
tion of the n1th circular hole on the m1th counterclockwise
FS-arm can be expressed as [25]

r1(n1, m1) =
√[√

r2
0 + F2 +

(
Lθ1

2π
− (m1 − 1)

)
λ

]2

− F2 ,
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2π(n1 − 1)

N1
+ 2π(m1 − 1)

L
.
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)
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Here, N 2M circular holes in these N 1L circular holes are concurrently located on M clockwise FS-arms. The position of
the n2th circular hole on the m2th clockwise FS-arm can be expressed as [25]
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We can then obtain the following:

n1 = N1(n2 − 1)

N2
+ 1 ,

m1 = −L
( L

M + 1
)
(n2 − 1)

N2
− L

M
(m2 − KM − 1) + 1 .

(3)

In Eq. (3), in order to ensure that both n1 and m1 are pos-
itive integers, N 1 should be an integer multiple of N 2, L
should be an integer multiple of M, and N 2 must be a divi-
sor of L(L/M + 1). When L is not an integer multiple of
M, it is very difficult to construct a degenerated cribriform
plate for producing the dual-ring FAVs [25].

Furthermore, n1 and θ1 can be rewritten as

n1 = N1

[
− (m1 − 1)

L
( L

M + 1
) − (m2 − 1 − KM )

M
( L

M + 1
)

]
+ 1 ,

θ1 = 2π

M
( L

M + 1
) (m1 − m2 + KM ) .

(4)

This means that the circular holes in L counterclockwise
FS-arms satisfying Eq. (4) are concurrently located on M
clockwise FS-arms and the angular interval of these circu-
lar holes is 2π /(L/M + 1). For example, Fig. 1(a) shows the
schematic diagram of an acoustic structure plate engraved
with 12N 1 circular holes on 12 counterclockwise FS-arms
circular holes for generating a FAV with a topological
charge of l1 = L = 12, where 4 clockwise FS-arms circu-
lar holes (red holes) are included. Here, the N 2 value is set
at L(L/M + 1) = 48 and then the N 1 value is also fixed at
48. To clarify the design principle, the first counterclock-
wise FS-arm circular holes (m1 = 1) and the first clockwise
FS-arm circular holes (m2 = 1) are highlighted in Fig. 1(b).
According to Eq. (4), in this case of m1 = 1 and m2 = 1,
the circular holes of (n1 = 1, θ1 = 0), (n1 = 13, θ1 =π /2),
(n1 = 25, θ1 =π ), and (n1 = 37, θ1 = 3π /2) on the first
counterclockwise FS-arm circular holes are located on
the first clockwise FS-arm circular holes, as shown in
Fig. 1(b). Each counterclockwise FS-arm circular hole
provides 4 circular holes for the first clockwise FS-arm
circular holes and 12 counterclockwise FS-arm circular
holes, in total sharing 48 circular holes for constructing
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the first clockwise FS-arm circular holes. Figures 1(c)
and 1(d) show the normalized simulated acoustic inten-
sity and phase distributions of the transmitted acoustic
fields at the focal plane of z = 20λ when an acoustic plane
wave passes through the acoustic structure plate engraved
with circular holes, as shown in Fig. 1(a). Throughout this
work, the embedding medium is water with a density of
1000 kg m−3 and a sound velocity of 1490 m s−1, and
the working frequency is fixed at 500 kHz (wavelength
λ =∼0.3 cm). The finite element numerical simulations
are performed using COMSOL Multiphysics software to ver-
ify our approach. The HDCP is composed of stainless steel
with a density of 7900 kg m−3, a longitudinal wave speed
of 5240 m s−1, and a shear wave speed of 2978 m s−1. Its
acoustic impedance is much larger than that of water [3,10]
and, thus, the HDCP can be set to be acoustically rigid. In
simulations, the boundaries of the HDCP are set as sound-
hard boundaries. The plane wave radiation boundaries are
used around the numerical models to eliminate reflected

waves [6]. Here, the diameter of the circular hole is set at
d = 0.7 mm. It is observed that the intensity profile consists
of a single bright ring and the corresponding phase shift is
24π . Only the characteristics of an FAV with a topologi-
cal charge of l1 = 12 could be distinctly observed in Figs.
1(c) and 1(d), and the effect of the four clockwise FS-arm
circular holes cannot be found in the center of the acoustic
field.

It was reported that the transmissivity of a circular hole
unit increases with diameter while maintaining a nearly
constant phase shift [25,27]. If we increase the diame-
ters of the circular holes on the four clockwise FS-arms
to d2 = 2.1 mm, as shown in Figs. 1(e) and 1(f), the con-
tribution of the four clockwise FS-arm circular holes will
be enhanced. As an acoustic plane wave passes through
the HDCP, as shown in Fig. 1(e), a dual-ring intensity pro-
file can be observed at the focal plane in Fig. 1(g), and
the corresponding phase shifts of the outer and inner FAVs
are 24π and −8π , as shown in Fig. 1(h). Therefore, the

(a) (b) (c)

(d)

(e) (f) (g)

(h)

FIG. 1. (a) Schematic diagram of an acoustic structure plate engraved with 576 circular holes on 12 counterclockwise FS-arms for
generating a FAV with a topological charge of l1 = 12. Here, the diameter of the circular hole is set at d = 0.7 mm and N 1 = N 2 = 48.
(b) First counterclockwise FS-arm circular holes (blue circular holes) for l1 = 12 and first clockwise FS-arm circular holes (red circular
holes) for l2 =−4. Corresponding (c) normalized simulated acoustic intensity and (d) phase distributions of the transmitted acoustic
fields at the focal plane of z = 20λ as an acoustic plane wave passes through the acoustic structure plate. (e) Schematic diagram of an
HDCP including 12 counterclockwise FS-arms circular holes with a diameter of d1 = 0.7 mm and 4 clockwise FS-arms circular holes
with a diameter of d2 = 2.1 mm for generating a dual-ring focused acoustic vortex with topological charges of l1 = 12 and l2 = −4. (f)
First counterclockwise FS-arm circular holes (blue circular holes) for l1 = 12 and first clockwise FS-arm circular holes (red circular
holes) for l2 =−4. Corresponding (g) normalized simulated acoustic intensity and (h) phase distributions of the transmitted acoustic
fields at the focal plane of z = 20λ. The work frequency is 500 kHz and the embedding medium is water.
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proposed HDCP can generate a dual-ring FAV with topo-
logical charges of l1 = 12 and l2 = −4. In addition, we
should note that a well-designed HDCP can also generate
a dual-ring FAV with two topological charges of the same
sign (Appendix). A triple-ring FAV with three topological
charges can also be obtained using a similar mechanism
(Appendix).

III. RESULTS AND DISCUSSION

We first investigated the variations in the transmitted
acoustic field with the size of the red circular holes on
the four clockwise FS-arms. Figures 2(a1)–2(a4) show the
normalized simulated acoustic intensity distributions of the
transmitted acoustic fields produced by the HDCPs with
(a1) d2 = 0.7 mm, (a2) d2 = 1.4 mm, (a3) d2 = 2.1 mm,
and (a4) d2 = 2.8 mm at the focal plane of z = 20λ. Here,
N 1 = N 2 = 48, d1 = 0.7 mm, l1 = 12, and l2 = −4.

Figures 2(b1)–2(b4) display acoustic intensity profiles
along the white dashed lines I, II, III, and IV in Figs.
2(a1)–2(a4). Corresponding simulated phase distributions
of the transmitted acoustic fields are shown in Figs.
2(c1)–2(c4). As d1 = d2 = 0.7 mm, the intensity profile
exhibits a single FAV with l1 = 12 (a phase shift of 24π ).
In Fig. 2(b1), the normalized intensity along line I reaches

its maximum of ∼0.018 at a radius of w1 =∼3.15λ. As d2
increases to 1.4 mm, it is found that, in addition to the outer
bright ring with enhanced intensity, a small ring appears
in the central region of the intensity profile in Fig. 2(a2).
The maximal normalized intensity of the outer and inner
rings along the line II reach ∼0.094 and ∼0.037 at radii
of w1 =∼3.05λ and w2 = ∼1.25λ, respectively, as shown
in Fig. 2(b2). In the phase distribution, the phase shifts
of the outer and inner FAVs are 24π and −8π , respec-
tively, which demonstrates the topological charges of a
dual-ring FAV are l1 = 12 and l2 =−4. As the d2 value
further increases to 2.1 mm, the intensity of the inner ring
is rapidly enhanced, while that of the outer ring also rises
gradually. The maximal normalized intensity of the outer
and inner rings along line III achieve ∼0.35 and ∼0.3,
respectively, as illustrated in Fig. 2(b3). In Fig. 2(c3), the
phase shifts of the outer and inner FAVs are also 24π and
−8π . For d2 = 2.8 mm, the intensities of both the inner
and outer FAVs are enhanced and the intensity of the inner
FAV is distinctly higher than that of the outer FAV, as
shown in Figs. 2(a4) and 2(b4). The phase profile in Fig.
2(c4) remains unchanged. Therefore, the intensity of the
outer and inner FAVs of a dual-ring FAV can be effectively
enhanced by increasing the diameters of the circular holes

(a1) (a2) (a3) (a4)

(b1) (b2) (b3) (b4)

(c1) (c2) (c3) (c4)

FIG. 2. Normalized simulated acoustic intensity distributions of the transmitted acoustic fields produced by HDCPs with (a1)
d2 = 0.7 mm, (a2) d2 = 1.4 mm, (a3) d2 = 2.1 mm, and (a4) d2 = 2.8 mm at the focal plane of z = 20λ. Here, N 1 = N 2 = 48,
d1 = 0.7 mm, l1 = 12, and l2 =−4. (b1)–(b4) Acoustic intensity profiles along the white dashed lines I, II, III, and IV in (a1)–(a4).
(c1)–(c4) Corresponding simulated phase distributions of the transmitted acoustic fields.
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(a1) (b1) (c1)

(a2) (b2) (c2)

(a3) (b3) (c3)

(a4) (b4) (c4)

FIG. 3. Schematic diagrams of HDCPs for gen-
erating dual-ring FAVs with topological charges
of (a1) l1 = 4, l2 =−4, and N 1 = N 2 = 8, (a2)
l1 = 8, l2 =−4, and N 1 = N 2 = 24, (a3) l1 = 12,
l2 = −4, and N 1 = N 2 = 48, and (a4) l1 = 16,
l2 = −4, and N 1 = N 2 = 80. Here, d1 and d2 are
0.7 mm and 2.1 mm, respectively. Corresponding
(b1)–(b4) normalized simulated acoustic intensity
and (c1)–(c4) phase distributions of the transmit-
ted acoustic fields at the focal plane of z = 20λ.

on the four clockwise FS-arms while the phase profile stays
constant. Moreover, the intensity of the inner FAV exhibits
a more rapid growth rate compared with that of the outer
FAV. Thus, by changing the d2 value, the intensity of the
dual-ring FAVs can be effectively modulated.

Furthermore, we have investigated the evolutionary pro-
cess of dual-ring FAVs in response to variations in the
topological charge. As discussed in Eq. (3), L = l1 must
be an integer multiple of M = −l2, N 1 should be an integer
multiple of N 2, and N 2 must be a divisor of L(L/M + 1). If
M = 4, L can be chosen as 4, 8, 12, 16, etc. In Fig. 3, the
first column shows the schematic diagrams of HDCPs for
generating dual-ring FAVs with topological charges of (a1)
l1 = 4, l2 =−4, and N 1 = N 2 = 8, (a2) l1 = 8, l2 = −4, and

N 1 = N 2 = 24, (a3) l1 = 12, l2 = −4, and N 1 = N 2 = 48,
and (a4) l1 = 16, l2 =−4, and N 1 = N 2 = 80. Here, d1
and d2 are 0.7 mm and 2.1 mm, respectively. Figures
3(b1)–3(b4) show the normalized simulated acoustic inten-
sity distributions of the transmitted acoustic fields pro-
duced by HDCPs at the focal plane of z = 20λ. The
corresponding simulated phase distributions of the trans-
mitted acoustic fields are shown in Fig. 3(c1)–3(c4). In
Fig. 3(a1), the HDCP includes 32 completely degenerate
circular holes, which simultaneously construct the 4 coun-
terclockwise FS-arms and 4 clockwise FS-arms. In this
case, 32 circular holes located on the 4 counterclockwise
FS-arms are completely overlapping with 32 circular holes
on the 4 clockwise FS-arms.
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When an acoustic plane wave passes through this
HDCP, two FAVs with topological charges of l1 = 4 and
l2 =−4 are produced at the focal plane of z = 20λ and
the coupling between them results in the 8 petallike bright
spots, as shown in Fig. 3(b1). Here, the diameters of the
circular holes are fixed at 2.1 mm. The phase profile in Fig.
3(c1) is divided into 8 sections and the adjacent phase jump
is π . These features effectively match those in a previous
report [25]. In Fig. 3(a2), the HDCP contains 192 circular
holes with a diameter of d1 = 0.7 mm on 8 counterclock-
wise FS-arms for generating a FAV with a topological
charge of l1 = 8, where 96 circular holes on 4 clockwise
FS-arms are replaced by larger circular holes with a diame-
ter of d2 = 2.1 mm for generating a FAV with a topological
charge of l2 =−4. It is observed in Fig. 3(b2) that the
radius of the outer bright ring increases with the l1 value
and a wagon wheel pattern can be obtained at the focal
plane due to the coupling between two FAVs with topolog-
ical charges of l1 = 8 and l2 = −4. Here, 12 dark spots are
evenly distributed on a circle with a radius of ∼2λ in the
acoustic intensity distribution. The phase shifts of the outer
and inner FAVs are 16π and −8π , as shown in Fig. 3(c2).
As the l1 value increases to 12, the radius of the outer FAV
with l1 = 12 further increases and that of the inner FAV
is unchanged. The coupling between two FAVs becomes
very weak and a dual-ring intensity profile is presented in
Fig. 3(b3). In Fig. 3(c3), the phase shifts of the outer and
inner FAVs are 24π and −8π , respectively. Finally, as the
l1 value further increases to 16, the number N 1 of circular
holes on each 16 counterclockwise FS-arm increases to 80.
The circular holes of (n1 = 1, θ1 = 0), (n1 = 17, θ1 = 2π /5),
(n1 = 33, θ1 = 4π /5), (n1 = 49, θ1 = 6π /5), and (n1 = 65,
θ1 = 8π /5) on the first counterclockwise FS-arm circular
holes are located on the first clockwise FS-arm circular
holes, as shown in Fig. 3(a4). Figure 3(b4) shows an outer
bright intensity ring with a larger radius and the interval
between two bright intensity rings is further enlarged. The
phase shifts of the outer and inner FAVs are 32π and −8π ,
respectively, as shown in Fig. 3(c4). Therefore, the inter-
val of the dual-ring FAVs produced by the proposed HDCP
can be adjusted by modulating the topological charges of
the dual-ring FAVs.

IV. EXPERIMENTAL DEMONSTRATION

An HDCP stainless steel structure is fabricated using
a laser engraving technique to experimentally verify the
generation of a dual-ring FAV. Figure 4(a) shows the
schematic diagram of the experimental setup of the trans-
mitted acoustic field measurement.

Figure 4(b) is a photograph of the HDCP stainless steel
structure for generating a dual-ring FAV with the topolog-
ical charges of l1 = 12 and l2 =−4. Here, d1 and d2 are
0.7 mm and 2.1 mm, respectively, and N 1 = N 2 = 48. The

stainless steel plate had a density of 7900 kg m−3, a lon-
gitudinal wave speed of 5240 m s−1, and a shear wave
speed of 2978 m s−1; thus, its acoustic impedance is much
larger than that of water [28,29]. To match the size of
the existing ultrasound transducer, the focal plane of the
HDCP stainless steel structure is adjusted to z = 5λ. In
this case, the effective region of the HDCP stainless steel
structure is reduced to a circular area with a diameter of
∼35λ (∼10.5 cm). During the measurement of the trans-
mitted acoustic field, an ultrasound transducer (placed at
the back of the HDCP stainless steel sample) emits an inci-
dent acoustic plane wave with a frequency of 500 kHz.
A needle hydrophone (PA NH0500) is connected with an
x–y–z stepper motor to measure the transmitted acoustic
field on the focal plane of ∼5λ with a step size of 0.3 mm
(∼0.1λ). Figures 4(c) and 4(d) show the simulated nor-
malized acoustic intensity and phase distributions of the
transmitted acoustic fields through the HDCP on the focal
plane of z = 5λ. The top and bottom panels in Fig. 4(e)
display the normalized simulated and measured acoustic
intensity distributions in the measurement area indicated
by the white dashed box in Fig. 4(c). The top and bot-
tom panels in Fig. 4(f) show the simulated and measured
acoustic phase distributions in the measurement area. The
measured results are further compared with the simulations
(Appendix). The simulated and measured results exhibit
good agreement, although there are some slight deviations.
These deviations may arise from fabrication imperfections
in the structure, as well as the inherent limitations in the
precision of the experimental system. Additionally, we
examine the manner in which the dual-ring FAVs gener-
ated via the HDCP perform particle manipulation. Figures
4(g) and 4(h) show the simulated acoustic energy flow
density (white arrows) of the dual-ring FAVs produced
by the HDCP at the focal plane of z = 5λ. It is observed
that the acoustic energy flow density of the inner and
outer FAVs possesses opposite directions. Moreover, it is
observed in Fig. 4(h) that the direction of the phase gra-
dient in the gap between the inner and outer FAVs is
clockwise. This phase gradient is an in-plane component
of the radiation force, which can provide a driving force
to push the particle along its direction of travel [20,30].
Therefore, when a particle with a suitable size is trapped
between the inner and outer FAVs, it will roll clockwise
because of the clockwise phase gradient and the opposite
direction of the acoustic energy flow density. Finally, we
demonstrate the particle rolling due to the dual-ring FAVs
produced by the HDCP structure. Figure 4(i) shows the
schematic diagram of the experimental setup of particle
rolling. In this experiment, an ultrasound transducer with
a frequency of 500 kHz is under the HDCP stainless steel
structure, and the focal plane of the dual-ring FAVs pro-
duced by the HDCP structure is formed at the water-air
interface. A polypropylene particle floating on the water
surface is introduced into the focal plane of the dual-ring
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(a)

(g)

(h)

(i) (j1) (j2) (j3)

(j6) (j5) (j4)

(b) (c) (e)

(d) (f)

FIG. 4. (a) Schematic diagram of the experimental setup of the transmitted acoustic field measurement. (b) Photograph of an HDCP
stainless steel sample for generating dual-ring FAVs with topological charges of l1 = 12 and l2 =−4. Here, d1 and d2 are 0.7 mm and
2.1 mm, respectively, and N 1 = N 2 = 48. (c) Normalized simulated acoustic intensity and (d) phase distributions of the transmitted
acoustic fields through the HDCP on the focal plane of z = 5λ. The top and bottom panels of (e) show the normalized simulated and
measured acoustic intensity distributions in the measurement area indicated by the white dashed box in (c). The top and bottom panels
of (f) show the simulated and measured acoustic phase distributions in the measurement area. (g),(h) Simulated acoustic energy flow
density (white arrows) of the dual-ring FAVs produced by the HDCP stainless steel sample at the focal plane of z = 5λ. (i) Schematic
diagram of the experimental setup of particle rolling. (j1)–(j6) Six time-sequential photographs showing the rolling trajectory of a
polypropylene particle driven by the dual-ring FAVs. The diameter of the polypropylene particle is ∼λ.

FAVs. The diameter of the particle is ∼λ. The longitudinal
speed, shear speed, and density of the polypropylene par-
ticle are 2650 m s−1, 1300 m s−1, and 913 kg m−3 [31],
respectively. One digital camera is mounted onto the top

VIDEO 1. Visualization of the total movement of the
polypropylene particle.

of the entire experiment system to record the movement
of the polypropylene particle. Figures 4(j1)–4(j6) display
six time-sequential photographs showing the rolling tra-
jectory of a polypropylene particle driven by the dual-ring
FAVs. The total movement of the particle can be seen
in Video 1. It is observed that the polypropylene particle
trapped between the inner and outer FAVs rolls along the
annular trajectory in a clockwise direction.

V. CONCLUSION

A hybrid-degenerated cribriform plate has been con-
ceived to generate a dual-ring FAV. It includes N 1L
circular holes with a diameter of d1 located on L coun-
terclockwise FS-arms for generating an outer FAV with
a topological charge of L. Furthermore, N 2M of these
circular holes are concurrently located on M clockwise
FS-arms, which produces an inner FAV with a topological
charge of −M. We have derived the theoretical distribution
regularities of the circular holes on the counterclockwise
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and clockwise FS-arms and found that N 1 should be an
integer multiple of N 2, L should be an integer multiple
of M, and N 2 must be a divisor of L(L/M + 1). We have
demonstrated that the intensity ratio of the inner and outer
FAVs can be adjusted by varying the diameter of the circu-
lar holes on the clockwise FS-arms. Moreover, the interval
of the inner and outer FAVs can be enlarged by increasing
the value L/M. Finally, we have experimentally demon-
strated that the HDCP stainless steel structure is capable
of producing a dual-ring FAV, which has the ability to roll
a particle along an annular trajectory.

To date, a significant amount of research has been ded-
icated to exploring the generation of ultrasonic vortices
and their applications. The possibility of producing com-
plex ultrasonic vortices has been demonstrated using phase
plates [7,21]. However, challenges arise when adjusting
the amplitude of the acoustic waves, while the nonlo-
cality of the acoustic field can significantly impact the
efficiency of the phase plates. Acoustic structure plates,
such as coiling slits and discrete spiral structure plates,
have the advantages of lightweight size and thinner thick-
ness in generating ultrasonic vortices [10,26]. Creating
dual-ring ultrasonic vortices through existing structure
plates is challenging because of design and manufacturing
constraints.

In this work, we propose an HDCP that effectively gen-
erates dual-ring FAVs with an adjustable intensity and
interval. This can be achieved by adjusting the size of

the circular holes on the clockwise or counterclockwise
FS-arms and modulating the topological charges of the
dual-ring focused ultrasonic vortices. The HDCP offers a
simplified and more effective method for generating dual-
ring and even triple-ring focused ultrasonic vortices, over-
coming some of the drawbacks of traditional approaches.
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APPENDIX

If the topological charges of the dual-ring FAVs have
the same sign, the distribution rule of the circular holes on
the HDCP should be rederived. For example, if the topo-
logical charges l1 = L and l2 = M are both positive, the
HDCP must concurrently include L counterclockwise FS-
arms and M counterclockwise FS-arms. The position of
the n1th circular hole on the m1th counterclockwise FS-arm
can be expressed as

r1(n1, m1) =
√[√

r2
0 + F2 +

(
Lθ1

2π
− (m1 − 1)

)
λ

]2

− F2 ,

θ1(n1, m1) =
2π(n1 − 1)

N1
+ 2π(m1 − 1)

L
.

(
n1 = 1, 2, . . . , N1

m1 = 1, 2, . . . , L

)
(A1)

The position of the n2th circular hole on the m2th counterclockwise FS-arm can be given as

r2(n2, m2) =
√[√

r2
0 + F2 +

(
Mθ2

2π
− (m2 − 1)

)
λ

]2

− F2 ,

θ2(n2, m2) =
2π L

M (n2 − 1)

N2
+ 2π(m2 − 1)

M
,

r1 = r2 ,

θ1 = θ2 .

(
n2 = 1, 2, . . . , N2

m2 = 1, 2, . . . , M

)
(A2)

We can then obtain the following:

n1 = N1(n2 − 1)

N2
+ 1 ,

m1 = L
( L

M − 1
)
(n2 − 1)

N2
+ L

M
(m2 − 1) + 1 .

(A3)
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(a) (b)

(c)

FIG. 5. (a) Schematic diagram of an HDCP including 15
counterclockwise FS-arms circular holes with a diameter of
d1 = 0.7 mm and 3 counterclockwise FS-arms circular holes with
a diameter of d2 = 2.1 mm for generating a dual-ring FAV with
topological charges of l1 = 15 and l2 = 3. Corresponding (b) nor-
malized simulated acoustic intensity and (c) phase distributions
of the transmitted acoustic fields at the focal plane of z = 20λ.
The work frequency is 500 kHz and the embedding medium is
water.

Therefore, N 1 should be an integer multiple of N 2 and N 2
must be a divisor of L(L/M − 1).

Figure 5(a) shows the schematic diagram of an HDCP
for generating a dual-ring FAV with topological charges
of l1 = 15 and l2 = 3. Here, d1 and d2 are 0.7 mm and

2.1 mm, respectively. Figures 5(b) and 5(c) display the
normalized simulated acoustic intensity and phase distri-
butions of the transmitted acoustic fields generated by
an HDCP at the focal plane of z = 20λ. In Fig. 5(a),
the HDCP contains 15N 1 circular holes (blue holes) with
a diameter of d1 = 0.7 mm on 15 counterclockwise FS-
arms for generating an FAV with a topological charge of
l1 = 15, where 3N 2 circular holes (red holes) on 3 coun-
terclockwise FS-arms are replaced by circular holes with
a diameter of d2 = 2.1 mm for generating a FAV with
a topological charge of l2 = 3. Here, the N 2 value is set
at L(L/M − 1) = 60 and then the N 1 value is also fixed
at 60. In Fig. 5(b), a dual-ring intensity profile can be
observed at the focal plane. The phase shifts of the outer
and inner FAVs are 30π and 6π , respectively, as shown
in Fig. 5(c). Therefore, the proposed HDCP can gener-
ate a dual-ring FAV with two topological charges of the
same sign.

We also explore the realization of a triple-ring FAV by
the proposed HDCP. In order to produce a triple-ring FAV
with topological charges of l1 = L, l2 = M, and l3 = −Q,
the HDCP should concurrently include L counterclockwise
FS-arms, M counterclockwise FS-arms, and Q clockwise
FS-arms. The positions of the circular holes on the L
counterclockwise FS-arms and on the M counterclockwise
FS-arms can be obtained via Eqs. (A1) and (A2), respec-
tively. For the third FAV with a topological charge of
l3 = −Q, the position of the n3th circular hole on the m3th
clockwise FS-arm can be expressed as

r3(n3, m3) =
√[√

r2
0 + F2 −

(
Qθ3

2π
+ (m3 − 1)

)
λ

]2

− F2 ,

θ3(n3, m3) = −
2π L

Q (n3 − 1)

N3
− 2π(m3 − 1)

Q
.

(
n3 = 1, 2, . . . , N3

m3 = 1, 2, . . . , Q

)
(A4)

Here, L is an integer multiple of M and Q is also an integer
multiple of M ; N 1 should be an integer multiple of N 2,
N 2 must be a divisor of L(L/M − 1), and N 3 should be an
integer multiple of N 2.

Figure 6(a) shows a schematic diagram of an HDCP
for generating a triple-ring FAV with l1 = 20, l2 = 4, and
l3 =−12. Here, d1, d2, and d3 are 0.7 mm, 2.1 mm, and
0.7 mm, respectively. Figures 6(b) and 6(c) represent the
normalized simulated acoustic intensity and phase distri-
butions of the transmitted acoustic fields generated by the
HDCP at the focal plane of z = 20λ. In Fig. 6(a), the HDCP
contains 1600 circular holes (blue holes) with a diameter
of d1 = 0.7 mm on 20 counterclockwise FS-arms for gen-
erating a FAV with l1 = 20 and 960 circular holes (black

holes) with a diameter of d3 = 0.7 mm on 12 clockwise
FS-arms for generating a FAV with l3 =−12, where 320
circular holes (red holes) on 4 counterclockwise FS-arms
are replaced by larger circular holes with a diameter of
d2 = 2.1 mm for generating a FAV with l2 = 4. When an
acoustic plane wave transmits through this HDCP, a triple-
ring intensity profile can be observed, as seen in Fig. 6(b).
The corresponding phase shifts of the outer, middle, and
inner FAVs are 40π , −24π , and 8π , respectively, as shown
in Fig. 6(c).

Figures 7(a1) and 7(b1) show normalized simulated and
measured acoustic intensity distributions in the measure-
ment area, respectively. Figures 7(a2) and 7(b2) illus-
trate the corresponding simulated and measured phase
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(a) (b)

(c)

FIG. 6. (a) Schematic diagram of a HDCP for generating a
triple-ring FAV with l1 = 20, l2 = 4, and l3 = −12. Here, d1,
d2, and d3 are 0.7 mm, 2.1 mm, and 0.7 mm, respectively.
Corresponding (b) normalized simulated acoustic intensity and
(c) phase distributions of the transmitted acoustic fields at the
focal plane of z = 20λ. The work frequency is 500 kHz and the
embedding medium is water.

distributions. Figure 7(c1) displays simulated (the black
solid line) and measured (the red dotted-dashed line) inten-
sity profiles along the white dashed lines in Figs. 7(a1)
and 7(b1). Figure 7(c2) shows simulated (the black solid
line) and measured (the red dotted-dashed line) phase

(a1) (b1) (c1)

(a2) (b2) (c2)

FIG. 7. (a1) Normalized simulated and (b1) measured acoustic
intensity distributions in the measurement area. (c1) Simulated
(the black solid line) and measured (the red dotted-dashed line)
intensity profiles along the white dashed lines in (a1) and (b1).
Corresponding (a2) simulated and (b2) measured phase distribu-
tions. (c2) Simulated (the black solid line) and measured (the red
dotted-dashed line) phase profiles along the white dashed lines in
(a2) and (b2).

profiles along the white dashed lines in Figs. 7(a2) and
7(b2). It is observed that the simulations and the mea-
sured results exhibit good agreement, although there are
some slight deviations. These deviations may arise from
fabrication imperfections in the structure, as well as the
inherent limitations in the precision of the experimental
system.
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