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Acoustic vortex in a waveguide with a chiral gradient sawtooth metasurface
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Acoustic vortex states with spiral phase dislocation that can carry orbital angular momentum (OAM)
have aroused much research interest in recent years. The mainstream methods of generating acoustic
vortexes are based on the Huygens-Fresnel principle to modulate the wave front to create spatial spiral
phase dislocation. In this work, we realize acoustic vortexes in a waveguide with a chiral gradient sawtooth
metasurface. The physical mechanism of our method is to lift the degenerate dipole eigenmodes through
the scattering effect of the chiral surface structure, and then their superposition yields both +1 and −1
order vortexes. Compared with the existing methods of acoustic vortex generation, our design has many
merits. For instance, it is easy to manufacture and control, the working frequency is relatively broadband,
and the sign of vortex order can be readily flipped. Both the full-wave simulations and experimental
measurements validate the existence of the acoustic vortexes. The torque effect of the acoustic vortexes
is also successfully performed by rotating a foam disk as a practical application. Our work opens a new
route for generating acoustic vortex and could have potential significance in areas including microfluidics,
acoustic tweezers, and ultrasonic communication.

DOI: 10.1103/PhysRevApplied.21.064006

I. INTRODUCTION

Sound waves with orbital angular momentum (OAM),
called an acoustic vortex, have launched a brand new
approach for controlling acoustic waves, which has
aroused a lot of research interest. The pressure field of
the acoustic vortex behaves with a helicoidal phase depen-
dence in its wave front, which can be described by a phase
term eilϕ , where l is the topological charge or the order of
the vortex, representing the number of twists in a wave-
length along the propagation direction or the number of
2π phase cycles around a closed path in the wave front.
The concept of this kind of phase dislocation was ini-
tially proposed by Nye and Berry as early as 1974 [1].
An acoustic vortex contains a phase singularity (where the
phase becomes indeterminate) at the center axis, accom-
panied by a null pressure magnitude [1–3]. This peculiar
characteristic can be used in noncontact particle manip-
ulation, such as particle trapping [4–16]. On the other
hand, the acoustic vortex wave front can exert torque on
the sound-absorbing objects positioned on the propagation
path. This torque effect can be used for noncontact rotation
manipulation [17–28]. In addition, the distinct topological
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charges of OAM provide orthogonal channels that serve
as an extra independent degree of freedom in transmit-
ting information. Therefore, the acoustic vortex has the
potential capability of acoustic communication through
encoding information onto the vortex waves [29–33].

Over the past two decades, some significant achieve-
ments have emerged for generating acoustic vortexes.
These methods can generally be classified into two types:
active and passive. The active method refers to a straight-
forward production of the helicoidal phase by using a
phase-controllable sound source array, which was first
proposed in Hefner and Marston’s pioneer work using
four-panel transducers with gradient-varied phases [2,3].
Since then, high-quality acoustic vortex beams can be gen-
erated by using state-of-the-art transducer arrays applying
increasing numbers of transducers and exactly presetting
each transducer’s phase and amplitude, which are pre-
cisely controlled by digital processors [4–7,17–20,33–39].
In essence, the underlying physics is the Huygens-Fresnel
principle. Technically speaking, the active method can
efficiently generate acoustic vortexes for any topolog-
ical charge and any allowed frequencies. Nonetheless,
the cost of a large number of transducers is very high
and the control system is inevitably complicated. The
passive method, generally speaking, refers to modulating
the sound field with well-designed artificial structures. For
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example, when a sound plane wave passes through well-
designed artificial microstructures, its uniform phase on
the wave front can be dislocated into a spatial helical dis-
tribution. The passive technology was first realized using
structures with helical dislocation surfaces [40,41]. Sub-
sequently, a variety of inventive and ingenious designs
have been proposed and developed, such as Helmholtz
resonator-based metasurfaces [21,22,42–44], spiral diffrac-
tion gratings [10,45–49], and acoustic holographic lenses
[50,51]. In addition, some other mechanisms are employed
to induce acoustic vortexes, such as utilizing a noncoaxial
waveguide to twist the output acoustic wave [52], intro-
ducing chiral non-Hermitian modulation in a parity-time-
symmetric ring cavity [53], and modulating the wave via
metagrating to attain acoustic spatiotemporal vortexes in
frequency-momentum space [54,55]. However, the topol-
ogy architectures of the above passive structures heavily
depend on the working frequency and, generally, one struc-
ture has only one working frequency instead of a frequency
range.

In this work, we report an essentially distinct method for
generating acoustic vortexes using a single sound source
in a cylindrical waveguide, which is designed with saw-
toothlike grooves that are evenly distributed along the
circumferential direction on the surface. These azimuthal
gradient grooves can remove the degeneracy of the waveg-
uide’s eigenmodes, which enables them to have a different
wave number kz in the propagation direction at the same
excited frequency. Owing to the difference in the growth of
the phase term e−ikzz, the superposition of the two degen-
eracy lifted modes can form vortex fields wherever their
phase difference equals an odd number times π/2. Conse-
quently, in a wide frequency region, a vortex wave field
with a spatial-dependent topological charge l = ±1 can
be generated and the topological charge can be readily
flipped by adjusting the position of the sound source on the
incident plane, which are demonstrated by a full-wave sim-
ulation obtained using the finite-element solver COMSOL
MULTIPHYSICS and verified by experimental measure-
ments. Furthermore, to visually exhibit the acoustic vortex
field, we show the torque effect on an absorbing foam disk
due to the transferring of OAM from a vortex field to
matter. Our work presents a unique mechanism that relies
on the superposition of chiral waveguide’s eigenmodes to
generate an acoustic vortex field, providing a new line of
thinking in designing economical, relatively broadband,
multifunctional acoustic vortex devices.

II. DEGENERACY LIFTING OF DIPOLE MODES
IN WAVEGUIDE WITH CHIRAL GRADIENT

SAWTOOTH METASURFACE

To begin, we consider a typical solid and infinitely
long circular-cylindrical waveguide of radius r0 = 40 mm
filled with air, as shown in Fig. 1(a). By solving the

Helmholtz equation in cylindrical coordinates (r, ϕ, z), the
sound pressure eigensolutions can be expressed as [56–58]

pmn = Jm(kmnr)(Amcos mϕ + Bmsin mϕ)e−ikzz, (1)

where Jm(kmnr) is the first-kind Bessel function of mth
order (m ≥ 0). Moreover, kmn is the in-plane wave vec-
tor component, which can be determined by the Neu-
mann boundary condition [∂Jm(kmnr)/∂r]r=r0 = 0, where
n denotes the nth root. It satisfies k2

mn + k2
z = ω2/c2, where

ω = 2π f is the angular frequency, kz refers to the propa-
gation wave vector component along the z-axis, and c =
343 m/s is the sound velocity in air. Then, each eigenmode
can be labeled by two integers (m, n).

The dispersion relation (the relation between the eigen-
frequency and kz) of this cylindrical waveguide is depicted
in Fig. 1(b). The lowest straight line represents the (0, 0)

mode satisfying ω = ckz and it is actually the plane wave
component A0|p0〉 = A0e−ikzz. Its pressure field is uni-
formly distributed in the transverse plane, which is known
as the monopole mode [see the inset of Fig. 1(b)]. The
second curve represents the (1, 0) mode, whose cutoff fre-
quency is ck10/2π = 1.841c/2πr0 = 2512 Hz, which can
be determined exactly by solving the boundary condi-
tion [56–58]. As shown in Fig. 1(c), the field distribution
clearly reveals that they are two orthogonal dipole modes
[38,52,59]. Henceforth, we mainly focus on the (1, 0)

mode and the dispersion curves of higher-order modes are
given in Supplemental Material S1 [60]. However, in the
circular waveguide, a vortex mode cannot be generated
by a common sound source such as a plane wave or sin-
gle monopole source directly, because the two definitely
degenerate dipole modes have no phase difference and
their superposition cannot bring about the gradient phase
term eilϕ . This is why previous works must utilize a well-
designed sound source array or artificial microstructures to
produce a phase gradient intentionally [38,39,42,63].

It is natural to ask the question: can these two degener-
ate modes be lifted? Geometrically, the degeneracy feature
of the dipole eigenmodes originates from the spatial inver-
sion symmetry in the azimuthal direction. If an artificial
structure is elaborately designed on the surface to break
this symmetry, it is anticipated that the degeneracy can
be lifted. On these grounds, we carve 12 grooves with a
gradient size on the surface of the circular waveguide to
break the circumferential symmetry, as shown in Fig. 1(d).
The depth of the grooves is r2 − r1 = 10 mm, which is
about one order of magnitude smaller than the working
wavelength. Then, this groove structure can act as a meta-
surface. The central angle of each convex-concave pair
is fixed at 30◦, while the central angles of the convex
parts linearly increase counterclockwise from θ1 = 6◦ to
θ12 = 17◦ with steps of 1◦. The numerically calculated dis-
persion relation and eigenfield distributions of pressure are
presented in Figs. 1(e) and 1(f), respectively. It is obvious
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FIG. 1. Eigenmodes analysis and degeneracy splitting. (a) Sectional view of the circular waveguide, with radius r0 = 40 mm. The
waveguide is infinitely long in the z-direction. (b) Dispersion relations of the two lowest-order eigenmodes of the circular waveguide.
The inset is the pressure eigenfield distribution of the (0, 0) mode. (c) Magnified view of the dispersion relation of the (1, 0) mode
in (b). The insets are the pressure eigenfield distributions of the doubly degenerate (1, 0) mode. (d) Sectional view of the waveguide
with a chiral gradient sawtooth metasurface. All grooves are homocentric fans, with an inner radius r1 = 40 mm and outer radius r2 =
50 mm. The structure consists of 12 pairs of grooves in total. The central angle of each convex-concave pair is fixed at 30◦, whereas
that of the convex part follows the function θi = θ1 + (i − 1)δ, i = 1, 2, . . . , 12 with θ1 = 6◦ and δ = 1◦. (e) Dispersion relations of
the three lowest-order eigenmodes of the waveguide with the cross-section shown in (d). (f) Magnified view of the degeneracy lifted
modes in (e). The insets are the pressure eigenfield distributions of |p1〉 and |p2〉 modes at the cutoff frequencies. At a certain frequency
above the higher cutoff frequency 2200 Hz, the horizontal interval of the two dispersion curves denotes the difference for kz , i.e.,
�kz = k1z − k2z .

that the original two degenerate dipole modes split into
two distinguishable modes. The new cutoff frequencies
are f1 = 2150 Hz and f2 = 2200 Hz, respectively. These
two degeneracy lifted eigenmodes can be approximatively
expressed as

|p1〉 ≈ J1(k1rr)e−ik1zzsin(ϕ − ϕ0) ,
|p2〉 ≈ J1(k2rr)e−ik2zzcos(ϕ − ϕ0),

(2)

where ϕ0 = 44◦ determines the polarization direction of
the dipole modes. It should be pointed out that these
degeneracy lifted modes have a definite ϕ0, whereas the
degenerate modes in the circular waveguide ϕ0 can be
any value [58], and we set ϕ0 = 0 in Fig. 1(c) for sim-
plicity. The patterns of the eigenfield distributions in the
transverse plane for |p1〉 and |p2〉 modes, as shown in the
insets of Fig. 1(f), are nearly unchanged compared with
the degenerate modes in the circular waveguide, exhibit-
ing only a small deviation near the boundary. Then, the

approximation in Eq. (2) is absolutely valid (see Supple-
mental Material S2 [60]). In principle, the chiral gradient
sawtooth metasurface effectively introduces small pertur-
bation that successfully lifts the two degenerate modes
while preserving their wave function relation. A simi-
lar phenomenon is analytically frequently encountered in
quantum systems, which can be solved by well-established
degenerate perturbation theory.

III. REALIZATION OF AN ACOUSTIC VORTEX
WITH DEGENERACY LIFTED MODES

The lifting of the degeneracy divides the frequency
domain into three zones, which are revealed by different
color-filled regions in Fig. 1(f). A sound source with a fre-
quency in Zone I will only excite the monopole mode |p0〉.
In Zone II, the dipole mode |p1〉 can be excited and it coex-
ists with the monopole mode. In Zone III, |p1〉, |p2〉, and the
monopole mode can be excited simultaneously because the
excited frequency exceeds f2 (here, the working frequency
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is limited below the cutoff frequency of the eigenmode,
i.e., higher than |p2〉, to avoid exciting higher-order eigen-
modes). Consequently, the pressure field in any position of
the waveguide can be expressed as the linear superposition

of eigenmodes |p〉 = A0|p0〉 + A1|p1〉 + A2|p2〉. Through
an ingenious design (see Supplemental Material S3 [60]),
the acoustic vortex can be generated when two essential
conditions are satisfied, which are given as follows:

(a) Amplitude condition |A1J1(k1rr)| = |A2J1(k2rr)| = A,
(b) Phase difference condition Δkzz = (k1z − k2z)z = (2N − 1)π/2, N ∈ N.

(3)

For example, assuming −A1J1(k1rr) = A2J1(k2rr) = A satisfies condition (a) and �kzz = π/2 satisfies condition (b), the
superposition of states |p1〉 and |p2〉 is

A1|p1〉 + A2|p2〉 = A1J1(k1rr)sin(ϕ − ϕ0)e−ik1zz + A2J1(k2rr)cos(ϕ − ϕ0)e−ik2zz

= Ae−ik2zz[−e−iΔkzzsin(ϕ − ϕ0) + cos(ϕ − ϕ0)]

= Ae−ik2zz[i sin(ϕ − ϕ0) + cos(ϕ − ϕ0)]

= Aei(−k2zz+ϕ−ϕ0). (4)

The gradient phase term eiϕ in Eq. (4) indicates the heli-
cal phase distribution and a vortex mode with topological
charge l = +1 has been produced successfully. It should be
noted that although the monopole mode |p0〉 coexists, for-
tunately its field is uniformly distributed in the wave front
and does not provide any in-plane phase gradient but only
acts as a background.

In principle, the amplitude condition Eq. 3(a) depends
on the modal amplitudes A1 and A2 or, in other words,
the relative weights of modes |p1〉 and |p2〉. A simple
plane wave source should be located off-center, and the
modal amplitudes can be readily adjusted only by tuning
the azimuthal angle ϕs of the source. A detailed mathe-
matical derivation is presented in Supplemental Material
S3 [60]. The phase difference condition Eq. 3(b) relies
on Δkz (determined by the dispersion relation) and the
propagation distance z from the incident plane.

To demonstrate our strategy for creating the acoustic
vortex, we fabricated the waveguide samples according
to the parameters in Fig. 1(d) via stereolithographic 3D
printing technology, as exhibited in Fig. 2(a). The raw
material of the sample is photosensitive resin and its
wall thickness is d = 3 mm, which guarantees the hard
boundary condition. As is shown in Fig. 2(b), a loud-
speaker with a diameter of about 16 mm is positioned
off-center in the input port, with the offset distance of about
rs = 25 mm. The loudspeaker is embedded in a sound-
absorbing foam plate [see Fig. 2(b)], which is used to
fix the position of the loudspeaker, whereas the azimuthal
angle of the loudspeaker can be easily adjusted by rotat-
ing the plate manually. The output port of the waveguide

is fully filled by more sound-absorbing foam to play the
role of a perfectly matched layer. A 1/8-inch microphone
(Brüel & Kjær 4138-A-015), tied to a long, specially made
auxiliary steel rod, is horizontally moved into the waveg-
uide to scan the sound field.

Here, we choose the working frequency of 2330 Hz,
which entails Δkz = 2.58 rad/m in terms of the disper-
sion relations [Fig. 1(e)]. Firstly, we set the azimuthal
angle of the sound source as ϕs = −7◦, which satisfies
−A1J1(k1rr) = A2J1(k2rr) and, moreover, the examined
plane is chosen as z = 0.61 m, which satisfies �kzz =
π/2. This setting will produce a +1 order pure acoustic
vortex, as discussed previously in Eq. (4). The phase dis-
tributions in the simulation and experiment are exhibited
in Figs. 2(c) and 2(f), respectively. They closely match
and clearly show that the phase increases counterclock-
wise along the azimuthal direction with a 2π jump for
one annular loop, revealing a vortex mode with l = +1.
Next, we adjust ϕs to 95◦ so that the amplitude condi-
tion becomes A1J1(k1rr) = A2J1(k2rr), while keeping the
position of the examined plane unchanged. Using the
derivation similar to Eq. (4), a phase term e−iϕ appears,
implying a −1 order acoustic vortex has been produced.
The well-matched simulated [Fig. 2(d)] and experimen-
tal [Fig. 2(g)] phase distributions perfectly demonstrate
the existence of −1 order vortex: the phase clockwise
increases 2π over one annular loop. At the same frequency,
the acoustic vortex can also be obtained at different posi-
tions on the z-axis. For instance, we fix ϕs = −7◦, i.e.,
−A1J1(k1rr) = A2J1(k2rr), the same as the example in Eq.
(4), but the examined plane is changed at z = 1.83 m,
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FIG. 2. Phase distribution of the acoustic vortex. (a) Photograph of the fabricated waveguide sample. (b) Experimental setup of the
loudspeaker. (c)–(h) Phase distribution of the acoustic vortex for the three cases obtained by the (c)–(e) numerical simulation and
(f)–(h) experimental measurement. The parameter settings for the three cases are: (c),(f) ϕs = −7◦, z = 0.61 m; (d),(g), ϕs = 95◦,
z = 0.61 m; (e),(h) ϕs = −7◦, z = 1.83 m. The working frequency is fixed at 2330 Hz.

which satisfies �kzz = 3π/2. Then, calculating A1|p1〉 +
A2|p2〉 yields a e−iϕ phase term, resulting in the creation of
a vortex with a topological charge of −1. The phase distri-
butions in this case resemble those shown in Figs. 2(d) and
2(g), and the numerical simulation [Fig. 2(e)] effectively
agrees with the experimental measurement [Fig. 2(h)].
Certainly, the vortex mode can also exist at the position
that satisfies �kzz = 5π/2, 7π/2, 9π/2, · · · . However, in

practice, obtaining high-quality vortexes at distances too
distant from the source is challenging due to the inevitable
dissipation of the propagating acoustic wave.

To characterize the quality of the vortex,

Q = Im 〈p| ∂ϕ|p〉
〈p| p〉 (5)

(a) (b)

FIG. 3. Quality of the vortex. (a) The Q factor of the vortex states versus frequency and z coordinate of the examined plane, with
the sound source fixed at ϕs = −7◦. The red and blue colors denote the +1 and −1 order vortex, respectively. (b) The Q factor of the
vortex states versus frequency and the azimuthal angle ϕs of the sound source, with the examined plane fixed at z = 0.61 m. The solid
curves are plotted according to the phase difference condition Eq. 3(b), and the numbers in the curves denote the quantity of �kzz.
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(a) (b)

FIG. 4. Torque effect of the acoustic vortex exerted on an absorbing foam disk. (a) Schematic diagram of the experimental setup.
(b) Snapshots of the rotational motion of the foam disk at different time points. The foam disk is positioned at a distance z = 0.61 m
from the incident plane. A black line segment is marked for the observation of the disk rotation. The loudspeaker is positioned at
ϕs = −7◦ (top) and ϕs = 95◦ (bottom) and, consequently, the foam disk rotates clockwise (top) and counterclockwise (bottom).

can be defined [64,65], which essentially indicates the
expectation value of the OAM in the state |p〉. In Fig. 3(a),
we numerically calculate the Q factor with respect to fre-
quency and z coordinate of the examined plane, with the
sound source fixed at ϕs = −7◦. The vortexes with the best
qualities are located on the curves calculated by Δkzz =
(2N − 1)π/2, N ∈ N, i.e., the phase difference condition
Eq. 3(b), whereas the quality of the vortex declines a dis-
tance from the curves. Obviously, in our design, only one
waveguide sample can achieve high-quality vortexes in
a relatively wide frequency region compared with some
present passive structures with only a single working fre-
quency. According to Fig. 3(a), high-quality vortexes can
be obtained at different z positions for both +1 (red region)
and −1 (blue region) orders at different frequencies. Figure
3(b) presents the Q factor calculated in the transverse plane
at z = 0.61 m versus the frequency and the azimuthal
angle ϕs of the sound source. Similar to Fig. 3(a), the vor-
tex states with the best qualities are located on the line
Δkzz = π/2. In a 2π period of ϕs, the Q factor exhibits a
cyclical variation, and the sign of the topological charge
of vortex flips every π/2 change of ϕs. This periodic-
ity originates from the periodic functional relationship of
the relative weights of |p1〉 and |p2〉 with respect to ϕs,
which has been demonstrated in Supplemental Material
S3 [60].

IV. EXPERIMENTAL DEMONSTRATION OF THE
TORQUE EFFECT

One fantastic effect of acoustic vortex is that the spiral
field can transfer OAM to a sound-absorbing object, which
is known as the vortex-induced torque effect [18,21–24].
Here, we experimentally demonstrate this torque effect by

noncontact rotating a light object. As schematically shown
in Fig. 4(a), a loudspeaker (with radius 35 mm) is posi-
tioned off-centered at the bottom of a waveguide to act as

VIDEO 1. Clockwise rotation of the foam disk. This reveals
the torque effect of an excited +1 order acoustic vortex. The vor-
tex transfers the OAM from the wave to the foam disk, and then
the foam disk rotates clockwise.
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VIDEO 2. Counterclockwise rotation of the foam disk. This
reveals the torque effect of an excited −1 order acoustic vortex.
The vortex transfers the OAM from the wave to the foam disk,
and then the foam disk rotates counterclockwise.

the sound source, with a working frequency of 2330 Hz.
A light, sound-absorbing foam disk is hung 0.61 m above
the loudspeaker. A camera is fixed above the foam disk to
record videos. First, the loudspeaker is placed at ϕs = −7◦
and, as soon as the sound is launched from the loudspeaker,
the foam disk starts rotating clockwise, as is shown in the
top row of Fig. 4(b), due to a +1 order vortex. Video 1 dis-
plays the rotational motion of the disk. Here, the selected
hang thread (sewing thread) has a very small shear mod-
ulus; thus, it produces a very small torque when it is
twisted. Therefore, the disk can continuously rotate for a
very long time. As is discussed in Fig. 3(b), the topolog-
ical charge of the vortex can easily be flipped by tuning
the azimuthal angle of the sound source. Then, we place
the loudspeaker at ϕs = 95◦, and, unsurprisingly, the disk
rotates counterclockwise due to the fact that a −1 order
vortex has been excited, which is clearly illustrated in the
bottom row of Fig. 4(b) as well as in Video 2. In addi-
tion, we fixed the loudspeaker onto a turntable and rotated
it one full cycle. It intuitively shows that the rotational
direction of the disk flips four times, which is displayed in
Video 3.

VIDEO 3. Switch between the clockwise and counterclock-
wise rotation of the foam disk. As Fig. 3(b) shows, the sign of
the acoustic vortex order can be readily tuned by adjusting the
angular position of the off-centered sound source. When we con-
tinuously change the angular position of the loudspeaker in a 2π

period, the sign of acoustic vortex order flips four times. Obvi-
ously, the rotational direction of the foam disk also flips four
times.

V. CONCLUSION

In this work, we have presented an innovative approach
to generating an acoustic vortex in a cylindrical waveguide
with a chiral gradient sawtooth metasurface. The chiral
structure has been used to split the degenerate dipole eigen-
modes. The superposition of these two orthogonal modes
produces ±1 order acoustic vortexes, assuming they sat-
isfy two essential conditions: an amplitude condition and a
phase difference condition. The measurement of the phase
distribution and torque effect experiment exactly verify the
validity of our theory. The key point of our method is
the lifting of the degeneracy of the multipole eigenmodes,
which is achieved by the scattering effect of the acous-
tic wave on the chiral metasurface structure. Certainly, the
configuration of chiral gradient metasurface structure is not
unique. Other kinds of surface design may realize simi-
lar effects. However, the architecture of the metasurface
structure should be designed very carefully: it should not
extensively break the functional relations of dipole modes,
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i.e., Eq. (2) should be satisfied, and, simultaneously, the
two dipole modes should have a sufficient difference for
the propagating wave number Δkz. In this work, if the
size of the sawtooth is too large or the gradient size is
too great, although the wave number difference Δkz may
become wider, the dipole property of the eigenmodes may
be significantly distorted by the strong wave scattering on
the surface and a high-quality vortex cannot be obtained.

Although it is well-known that the acoustic wave is a
longitudinal wave, the acoustic dipole modes in the waveg-
uide have some characteristics of transverse waves: they
have wave vector components kr, which are perpendicu-
lar to the propagation direction [38,56]. From this point of
view, the two orthogonal dipole modes |p1〉 and |p2〉 can
be analogized as the TE and TM modes in optics. Then,
the physical mechanism of the generating acoustic vor-
tex in our work is similar to the generation of circularly
polarized light: passing a linearly polarized light through a
quarter-wave plate at an angle of 45◦ to the optic axis of
the plate.

In contrast to conventional methods for generating
sound vortexes that rely on complex electronic control or
intricate craftmanship, our design offers many advantages.
For instance, our structure is simple and easy to fabri-
cate, and we only use one waveguide and one loudspeaker
to generate vortexes in relatively broadband frequency
regions. According to the phase difference condition, the
vortexes of different frequencies can be obtained in the
transverse plane at different distances from the sound
source. In terms of the amplitude condition, the sign of
the topological charge and the quality of the vortex can
be flexibly tuned through adjusting the angular position of
the sound source. Our study provides a fresh perspective
on generating a sound vortex and is potentially significant
in various practical applications, including but not lim-
ited to a micromixer in microfluidic systems, noncontact
manipulation of small objects in biology, and so on.
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