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Abstract—Recently, the study of acoustic vortex beams has attracted a great attention owing to
its potential applications in medical ultrasound imaging and trapping particles. In some special
applications of medical ultrasound, it needs the simultaneous realization of vortex focusing and
asymmetric transmission in three-dimensional (3D) space. However, the design of a two-dimensional
(2D) device with acoustic asymmetric vortex focusing (AAVF) remains a challenge. To overcome it, we
experimentally demonstrate a 2D AAVF lens composed of three types of binary-phase mode converters.
By simultaneously introducing the phase profiles of acoustic focusing and vortex caused by the mode
converters, we design a 2D AAVF lens with the topological charge n = 2, i.e., the sound energy can
pass through the lens from the upper side and forms a vortex focus in 3D space; however, it cannot
transmit through the lens from the other side. The vortex focusing and asymmetric transmission arise
from the phase manipulation and the conversion between the zero-order and first-order waves caused
by the mode converters, respectively. The measured fractional bandwidth can reach about 0.19. The
proposed lens has the advantages of high-performance AAVF, broad bandwidth, and complex sound
modulation in 3D space, which provides diverse routes for designing 3D multi-functional sound devices
with promising applications in medical ultrasound.

1. INTRODUCTION

In the past few years, the study on acoustic vortex beams has become a hot topic due to its potential
applications in a variety of important fields, such as acoustic communications [1, 2], levitation of
organisms [3, 4], and medical ultrasound [5, 6]. Acoustic vortex beam has a typical characteristic of
orbital angular momentum, which also provides a new degree of freedom for sound manipulations in
sub-diffraction imaging [7, 8], and micro-particle absorption and rotations [9–12]. Traditionally, by
designing an active phased array [13–15] with the conversion between acoustic and electronic signals,
the manipulation of underwater micro-particles by vortex beams was realized experimentally. The active
design has a relative high efficiency; however, complex experimental equipment and high cost seriously
limit its practical applications.

To overcome these problems, acoustic metamaterials [16–22] and metasurfaces [23–29] were
introduced to design passive acoustic lenses with integer [30, 31] and fractional [32, 33] vortex beams,
which have the advantages of low cost and subwavelength structure. Based on rotational phase profiles
caused by structural design, such as thickness-gradient structures [34, 35], spiral arms [36, 37], and
Helmholtz resonators [38, 39], the acoustic vortex beams can be observed around structure surfaces or
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in external waveguides with a hard boundary. In addition, based on an artificial structure with discrete
Archimedean spiral slits, the effect of acoustic vortex focusing can be realized in three-dimensional (3D)
free space [40–43], which effectively avoids the diffusion of the vortex. Despite the fact that a variety of
high-performance vortex lenses were designed successively, the realization of vortex beams with other
exotic effects, such as asymmetric acoustic vortex focusing (AAVF), was seldom reported. The AAVF
has a great potential in medical ultrasound [44, 45], in which the vortex beams with focusing effect
can be used to capture or remove cells, and their associated reflected energy is prohibited to return to
devices, improving the service life of acoustic transducers greatly. Based on the extended generalized
Snell’s law, a type of asymmetric acoustic vortex caused by dual-layer gradient-phase metasurfaces
was observed in a waveguide structure [46, 47]. However, the dual-layer systems inevitably increase
the difficulty in their practical application, and meanwhile the vortex beam requires the waveguide to
support its propagation. The design of a two-dimensional (2D) monolayer acoustic lens with AAVF in
3D space still faces great challenges.

In this work, we propose a broadband 2D AAVF lens based on three types of binary-phase mode
converters composed of two pairs of out-of-phase unit cells and a step waveguide [48]. Based on the phase
profiles of acoustic focusing and vortex caused by 48 mode converters, we experimentally design a type
of 2D AAVF lens with n = 2, in which the vortex focusing and asymmetric transmission are attributed
to the phase manipulation and the conversion between the zero-order and first-order waves caused by
the mode converters, respectively. Moreover, we experimentally measured the working bandwidth of
the AAVF lens, and the fractional bandwidth can reach about 0.19. The measured results agree well
with the simulated ones.

2. RESULTS AND DISCUSSIONS

Figure 1 schematically shows asymmetric vortex focusing caused by a 2D AAVF lens, in which the
abbreviations TI and BI represent the normal incidence of acoustic plane waves from the top and
bottom sides of the lens, respectively. We can see that the acoustic wave can transmit through the lens,
and forms a vortex focus on the bottom side for TI; however, the acoustic wave cannot transmit through
the lens for BI, showing a typical characteristic of AAVF. To theoretically design it, we introduce the

Figure 1. Schematic of asymmetric vortex focusing caused by the 2D AAVF lens for TI and BI.
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phase profile of a vortex beam in free space as follows

φ(θ) = nθ, (1)

where n is the topological charge of the vortex beam [40], and θ is the azimuth angle. Here, by
introducing acoustic vortex focusing the phase profile of the AAVF lens in the x-y plane based on the
generalized Snell’s law [49] can be written as

φ = −k
√

r2 + e2 + nθ, (2)

where k = 2πf/c is the wave number in air, and c and f represent the sound velocity and the frequency,

respectively. Parameters r =
√

x2 + y2 and e are the radial length and the focal length of the lens,
respectively, and the azimuth angle θ satisfies tan θ = x/y. Based on Eq. (2), we can realize the effect
of acoustic vortex focusing.

Figure 2(a) shows the photograph of the designed 2D AAVF lens (with a radius r = 25.8 cm)
composed of a central solid cylinder and twelve fan-shaped structures (red shaded region), in which each
fan-shaped structure (shown in the upper inset) is constructed by four binary-phase mode converters.
The 2D AAVF lens is made of epoxy resin to satisfy the condition of the hard sound boundary. As shown
in Figure 2(b), the binary-phase mode converter consists of two pairs of out-of-phase unit cells (denoted
as A and B) and a step waveguide on the upper side. Both unit cells (with a length l =4 cm and a
width w = 1.2 cm) are composed of eight Helmholtz resonators on both sides and a central channel. To
design the out-of-phase unit cells, we adjust the volume of each Helmholtz resonator by changing the
width w1 of the central channel, and therefore different resonant frequencies and phase delays of sound
can be realized. Based on two pairs of out-of-phase unit cells, we can realize the conversion between the
zero-order and first-order waves (see the Supplementary Material). It is noted that the zero-order wave
can pass through the waveguide with an arbitrary width, while the first-order wave can only transmit
through the waveguide with the width larger than a half wavelength. Here, the selected width w4

of the step waveguide is smaller than a half wavelength of sound, which can be used to prohibit the
propagation of the first-order wave realizing asymmetric sound transmission. Throughout this work,
we use the numerical software of COMSOL Multiphysics to simulate the performance of AAVF. The
structure parameters of the mode converter are selected as w2 = 1.3 cm, w3 = 4.8 cm, w4 = 2 cm,
l1 =0.9 cm, l2 =0.15 cm, l3 = 1.5 cm, and d = 0.08 cm, and the acoustic wavelength λ is selected as
5 cm (viz., the frequency f = 6860Hz in air). The material parameters of air are ρ = 1.21 kg/m3 and
c = 343m/s in the simulations.

To design out-of-phase unit cells, we simulate the transmission and phase delay spectra through a
single phased unit cell with different values of w1, which are shown in Figure 2(c). Here, we select six
phased unit cells (color dots) with an equally spaced phase delay from 0 to 2π, and their transmission
coefficients are larger than 0.9. Thus, based on the six phased unit cells, we design three types of
binary-phase mode converters, denoted as I, II, and III, which are shown in Figure 2(d). To present
their characteristics, we simulate the pressure distributions caused by the mode converters under the
excitation of the zero-order wave for TI and BI, and the corresponding results are shown in Figures 2(e)
and 2(f), respectively. We can see that, for TI, the zero-order wave can transmit through the step
waveguide and phased unit cells and reach the bottom side of the mode converter as the form of the
converted first-order wave. However, for BI, the zero-order wave is converted into the first-order wave
by the phased unit cells, but cannot pass through the step waveguide, which arises from the fact
that the opening width of the step waveguide is smaller than a half wavelength of sound. Beyond
that, we simulate the transmittance spectra of the mode converters I, II, and III for TI and BI (see
the Supplementary Material). The simulated results present the typical characteristic of asymmetric
transmission of sound for each mode converter.

By using the three binary-phase mode converters, we here design a broadband 2D AAVF lens with
e = 20 cm and n = 2. Based on Eq. (2), we theoretically calculate the continuous phase profile of
the lens in the x-y plane [Figure 3(a)], which exhibits a typical characteristic of the vortex beam with
n = 2. Based on the theoretical phase profile, we use 48 mode converters to design the AAVF lens.
However, there inevitably exist gaps with the size smaller than that of the mode converters, and thus
we use epoxy resin [shown as light gray solid in Figure 3(b)] to fill the gaps to connect the adjacent
mode converters. As shown in Figure 3(b), the phase profile of the AAVF lens is consistent with that
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Figure 2. (a) Photograph of the 2D AAVF lens composed of a central solid cylinder and twelve fan-
shaped structures with four binary-phase mode converters. (b) Schematic of a mode converter composed
of two pairs of out-of-phase unit cells (A and B) and a step waveguide on the upper side. (c) Simulated
phase delay (blue solid line) and transmission spectra (red dashed line) as a function of the parameter
w1 at 6860Hz. The phase delays caused by the selected six phased unit cells (color dots) from the left
to the right are 0, 5π/3, 4π/3, π, 2π/3, π/3, and the corresponding values of w1 are 0.384, 0.406, 0.45,
0.51, 0.6 and 0.75 cm, respectively. (d) Schematic of three types of binary-phase mode converters I, II,
and III constructed by the selected six phased unit cells in (c). Simulated pressure distributions caused
by the mode converters I, II, and III for (e) TI and (f) BI at 6860Hz, respectively.

in Figure 3(a). Therefore, we can realize the AAVF lens based on the theoretically calculated phase
profile, and the transmitted vortex focusing can be realized based on the phase modulation.

Figures 4(a) and 4(b) show the simulated intensity distributions (|p|2) through the 2D AAVF lens
for TI and BI, respectively. As shown in Figure 4(a), we can see that the sound energy can pass through
the lens and is focused as the shape of a narrow hollow cylinder for TI, in which the energy at the central
region is almost zero, showing typical characteristics of both acoustic focusing and vortex. However,
the sound energy cannot transmit through the lens for BI [shown in Figure 4(b)], showing a typical
characteristic of AAVF. This is because the converted first-order wave cannot pass through the step
waveguide of each mode converter. Furthermore, we simulate the intensity distributions created by
the lens composed of the binary-phase mode converters without the step waveguide. The results show
that the effect of vortex focusing exists for both TI and BI (see the Supplemental Material), further
demonstrating that the asymmetric sound transmission is determined by the step waveguide.
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(a) (b)

Figure 3. (a) Theoretical continuous phase delay of the 2D AAVF lens in the xy plane at 6860Hz. (b)
Designed 2D AAVF lens composed of 48 binary-phase mode converters.

(a)

(a)

(b)

Figure 4. Simulated intensity distributions caused by the AAVF lens for (a) TI and (b) BI at 6860Hz.

To demonstrate the AAVF performance of the lens, we conduct an experiment to measure the
intensity and phase distributions caused by the lens in R1 and R2 for TI, and R3 and R4 for BI of
Figure 4. Figure 5(a) schematically shows the experimental setup, in which the sample of the AAVF
lens is placed in 3D free space. The incident plane wave is generated from a loudspeaker driven by
a power amplifier, and the distance between the loudspeaker and sample is 1m. Additionally, we use
two 0.25-in-diameter microphones to measure the pressure amplitude and phase distributions in the



132 Wang et al.

(a)

(b)

(c)

(d) (e)

(f) (g)

Figure 5. (a) Experimental set-up. Simulated (SI) and measured (ME) intensity and phase
distributions caused by the AAVF lens at 6860Hz in (b) R1 (the x-z plane at y = 0) and R2 (the x-y
plane at z = 20 cm) for TI, and (c) R3 (the x-z plane at y = 0) and R4 (the x-y plane at z = −20 cm)
for BI. Measured and simulated intensity profiles along the (d) lines I, II, and (e) III in (b) and along
the (f) lines IV V, and (g) VI in (c).

scanning region, in which microphone 1 is adopted to detect sound signals in the scanning regions
moved by two-dimensional motorized linear stages, and microphone 2 is used as a reference. As shown
in Figure 5(b), we can see that the sound energy is focused as two focal regions in R1 and a ring-shaped
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region in R2. The phase distribution in R2 presents a typical characteristic of a vortex beam with
n = 2 for TI. The measured results agree well with the simulated ones. Additionally, in R3 and R4 of
Figure 5(c), we observe that no sound energy can pass through the lens, and the vortex characteristic
does not exist, further experimentally verifying the performance of the 2D AAVF lens.

Figures 5(d)–5(g) show the measured intensity profiles along the lines I-VI in Figures 5(b) and 5(c),
and the simulated results are also presented for comparison. As shown in Figure 5(d), it is observed
that the focus is located at z = 20 cm in line I, and the intensities along line I are much larger than
those along line II for TI owing to the existence of the phase singularity along line II. Moreover, as
shown in Figure 5(e), two acoustic energy peaks exist on both sides of x = 0 along line III, and the
intensity at x = 0 is close to zero, showing a typical characteristic of vortex focusing. For the case of
BI [Figures 5(f) and 5(g)], the intensities along lines IV-VI are close to zero, indicating that the sound
energy cannot pass through the lens. The measured intensity distributions agree with the simulated
ones, which experimentally demonstrates the performances of the lens. In addition to the lens with
n = 2, we design the 2D AAVF lenses with n = 1 and 3, and the simulated results are presented in the
Supplementary Material.

Finally, we experimentally demonstrate the bandwidth of the 2D AAVF lens. Figures 6(a)–6(d)
show the simulated intensity distributions created by the 2D AAVF lens for TI and BI at four selected

(a) (b) (c) (d)

Figure 6. Measured and simulated intensity distributions caused by the 2D AAVF lens for TI and BI
at (a) 6.2, (b) 6.6, (c) 7.0 and (d) 7.4 kHz.
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frequencies. We can observe that, with the increase of frequency, the focal length gradually increases
for TI, and the characteristics of the focus are the same as those in Figure 4(a). Beyond that, the
acoustic wave cannot pass through the lens for BI. The measured and simulated results in R5–R12 at
these frequencies are presented in the middle region, in which the measured results agree well with
the simulated ones. The measured results demonstrate that the bandwidth of the 2D AAVF lens can
exceed 1.2 kHz, and the fractional bandwidth is larger than 0.19, showing a broadband characteristic
of the lens. Moreover, we simulate the contrast ratio Rc of the AAVF lens, which is shown in the
Supplementary Material. The simulated contrast ratios are larger than 0.8 in the range 6.2–7.4 kHz,
indicating high-performance AAVF of the designed lens.

3. CONCLUSIONS

In conclusion, we have demonstrated a broadband 2D AAVF lens based on three types of binary-phase
mode converters. The results show that the mode converters are composed of two pairs of out-of-
phase unit cells and a step waveguide, and can achieve the mode conversion between the zero-order
and first-order waves and asymmetric acoustic propagation in 3D space, which arises from the phase
manipulation and the narrow opening width of the step waveguide, respectively. Based on 48 mode
converters, we experimentally design a broadband 2D AAVF lens with the topological charge n = 2,
and the fractional bandwidth of AAVF can reach about 0.19. In the working band of AAVF, the sound
energy can transmit through the lens for TI and forms a vortex focus in 3D space. However, the acoustic
wave cannot transmit through the lens for BI. This is because the converted first-order wave cannot
pass through the step waveguide of the mode converters. Finally, by adjusting the phase profiles of the
lens, we numerically design the 2D AAVF lenses with n = 1 and 3. Our work provides diverse routes
for designing 2D multifunctional acoustic devices of vortex beams and has a potential application for
non-contact manipulation for trapping particles and medical ultrasound imaging.

SUPPORTING INFORMATION

This part provides the description of the theory of conversion between zero-order and first-order waves,
the transmittance spectra of mode converters I, II, and III, the symmetric acoustic vortex focusing
caused by 2D AAVF lens without step waveguides, the simulated intensity and phase distributions
caused by 2D AAVF lens with n = 1 and 3, and the contrast ratio of AAVF lens.
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