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ABSTRACT

The generation of acoustic vortex beams has attracted an increasing amount of research attention in recent years, offering a range of functions,
including acoustic communication, particle manipulation, and biomedical ultrasound. However, incorporating more vortices and broaden-
ing the capacity of these beams and associated devices in three dimensions pose challenges. Traditional methods often necessitate complex
transducer arrays and are constrained by conditions such as system complexity and the medium in which they operate. In this paper, a 3D
printed acoustic lens capable of generating a double vortex pattern with an optional focusing profile in water was demonstrated. The perfor-
mance of the proposed lens was evaluated through computational simulations using finite element analysis and experimental tests based on
underwater measurements. The results indicate that by altering the positioning of the vortices’ axes, it is possible to control both the intensity
and the location of the pressurized zone. The proposed approach shows promise for enhancing the effectiveness and versatility of various
applications by generating a larger number of vortices and freely tailoring the focal profile with a single lens, thereby expanding the practical
uses of acoustic vortex technology.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0201781

. INTRODUCTION and the direction of the acoustic vortex’s phase spiral. Another

notable aspect of acoustic vortices is their inherent orbital angular
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In recent years, a lot of research effort has been devoted to
acoustic vortices, driven by their potential applications in vari-
ous fields, including the manipulation of particles, transmission of
acoustic information, and imaging that surpasses the limitations
imposed by wave diffraction.' * Acoustic vortices share similar char-
acteristics with their optical counterparts, notably featuring a unique
helical pattern in their wavefront. At the center of the vortex lies
an area of zero pressure and a distinctive phase singularity. In
contrast to plane acoustic waves, acoustic vortex beams exhibit a
distinct phase spiral that varies with the azimuthal angle. This twist-
ing property is quantified by the topological charge, which indicates
the number of complete rotations the beam’s phase makes around
the center axis in the span of one wavelength.”® The topological
charge plays a crucial role in determining the number of twists

momentum, which holds the potential to be transferred to dif-
ferent materials or objects through wave-matter interactions. The
ability to create acoustic vortices across a broad spectrum of fre-
quencies allows for the handling of objects ranging from nanometers
to centimeters. Along this line, acoustic vortices have been har-
nessed for the capture and rotation of objects in different media.” '
Li et al. employed a focused acoustic vortex, which was produced
using a passive polydimethylsiloxane (PDMS) lens coupled with
a single piezoelectric transducer set to operate at a frequency of
500 kHz, in order to trap particles.'’ In a separate study, a custom-
made acoustic tweezer that functioned at a frequency of 43.5 MHz
to create a vortex capable of seizing and accurately positioning
individual cells from a group within a conventional microscopy
setup was proposed by Baudoin et al..'* Furthermore, other studies
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proposed a tornado-inspired acoustic vortex tweezer that produces a
net acoustic force that is capable of non-intrusive intravascular trap-
ping of lipid-encapsulated gas microbubbles within blood vessels. To
achieve this, the proposed study employs a single 3 MHz concave
transducer made of lead zirconate titanate (PZT)."”

Another important application of acoustic vortices is in high-
speed communications and transmission applications, as the orbital
angular moment of the vortex beams can serve as an information
carrier.'" Shi et al. showcased an advanced approach to com-
munication by employing the orbital angular momentum produced
by acoustic vortex beams with a one-order enhancement of the
data transmission rate.”! Furthermore, in another study, an orbital
angular momentum prism of an acoustic vortex beam was used
to accurately and quantitatively detect vortex patterns in an effi-
cient manner. The system transforms the swirling vortices into plane
waves that pass through at varying angles of refraction. This pro-
cess facilitates the quick and efficient interpretation of the data
encoded within each vortex.”” In addition, various research initia-
tives have investigated the application of acoustic vortices in the
biomedical sector.”” *” For instance, some studies utilized a syner-
gistic tumor therapy approach by combining high-intensity focused
ultrasound with a singular acoustic vortex beam emitted by a 16-
element spherical concave ultrasound transducer at 660 kHz, which
proved to effectively reduce clot debris and enhance thrombolytic
efficacy.”® In a separate effort, Wu et al. engineered a focused acous-
tic vortex system dedicated to enhanced cancer treatment, creating
an ultrasound field with a hollow cylindrical focal area. The sys-
tem, employing a 16-element array transducer at 500 Hz in tandem
with phase change nanodroplets, inflicted greater damage on tumor
tissue when compared with standard focused ultrasound at identi-
cal acoustic pressures.”’” Similarly, Jiménez-Gambin et al. leveraged
a phase-reversed acoustic hologram in conjunction with a singu-
lar beam acoustic vortex. This combination was aimed at correcting
aberrations introduced by the human skull, thereby facilitating tar-
geted ultrasound wave focusing within the skull’s cranial cavity. The
creation of this acoustic vortex was achieved using a spherically
focused piezoelectric transducer functioning at 500 kHz.”*

Although considerable research has focused on acoustic
vortices, the majority of studies have employed them at low
intensities.”””’ The generation of acoustic vortices at higher intensi-
ties could be more advantageous for biomedical ultrasound-related
applications. For example, a higher acoustic energy can facilitate
the production of cavitation, an effect beneficial for many ultra-
sonic medical applications, including tumor ablation’"”* and tis-
sue liquefaction.” * In addition, the vast majority of the existing
devices are limited to the use of a single vortex beam, which often
results in limited efficiency or capacity. There are several challenges
associated with the incorporation of multiple vortices in a simple
device to broaden its functionality. These include the necessity for
complicated transducer arrays” " and potential operational limita-
tions dictated by factors such as particle size and the propagation
medium. These factors can lead to acoustic wave reflection and
refraction, resulting in the distortion of the acoustic beam shape,””"’
and the introduction of a focusing mechanism further complicates
their operation. Hence, increasing the number of vortices produced
by a single acoustic lens has the potential to broaden the function-
ality and adaptability of the existing available devices in various
fields.
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In this paper, we demonstrate the successful generation of
an underwater regular and focused acoustic double vortex using
a customized vortex lens based on a single lens fabricated with a
stereolithography (SLA) printer. The lens design was based on the
pressure field multiplexing concept, where the lens integrates the
pressure fields from separate vortices to achieve a combined output
capable of emitting intertwined pressure fields. The efficacy of the
lens was evaluated through both computational simulations using
finite element analysis and experimental tests involving hydrophone
measurements. The results indicate that the acoustic double vortex
lens design is proficient in producing acoustical double vortices in
both standard and concentrated manners. The technique offers an
efficient and straightforward solution for the creation of acoustic
double vortices. Such a method holds promise for numerous practi-
cal applications, including communication technologies, biomedical
fields, and the manipulation and rotational control of particles.

Il. NUMERICAL ANALYSIS
A. Acoustic lens design

To generate an acoustic vortex, an acoustic lens with a spiral
phase profile needs to be designed, which imposes an azimuthally
varying thickness. The thickness variation of the lens imparts a cer-
tain phase delay when acoustic waves travel across the lens, thereby
forming certain pressure fields at the far field. For a single vor-
tex lens, the shape follows a simple azimuthal changing profile
[Fig. 1(a)]. To incorporate a double vortex from a single underlying
lens, the acoustic fields of two vortex beams with different centers
are first multiplexed to create a combined acoustic pressure field, as
shown in Fig. 1(b). The thickness at different locations of the lens
can then be obtained by relating the phase map of each single vortex
beam ¢12(x, y) as follows: """

h = hmax[sin (¢1(x,7)) + sin (¢2(x,7)) ], (1)

arctan2(x + mia,y) + 7
2

$r2(x.y) = spia(xy) €[0,27], (2)
where hmax is the maximum thickness of the lens that corresponds
to a 27 phase delay and m,, is the phase singularity offset for each
vortex beam. Equations (1) and (2) allow for the generation of the
required spiral phase profile varying from 0 to 2m. A frequency
domain simulation was performed in COMSOL using a parametric
sweep to ascertain the requisite thickness needed to achieve a total
phase change of 271. An initial height, ho, of 4 mm as a uniform lens
base was selected to simplify the 3D printing process. The initial set-
ting of the base height led to setting the maximum height to fmax =
8.1 mm. A customized code that incorporates the design equations
and scripts for transforming surfaces into three-dimensional solids
has been utilized to produce the acoustic vortex lens design. The
design was then exported as STL files, formatted for 3D printing,
as shown in Fig. 1(c).

In the case of the focused versions of the acoustic vortex, a
similar design approach was used. The pressure field multiplexing
was performed by creating a pressure distribution related to acoustic
vortex generation combined with another one that presents a pres-
sure focal profile. Due to the linearity of the acoustic waves, the total
field will be a multiplexed pressure field that exhibits both features
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$2(x,y)  Pp1(x,y) + P2(x,y)

FIG. 1. Designed acoustic vortex lens and the concept behind it. (a) The geometry of a simple beam vortex lens. (b) The formation of double acoustic vortex by field

multiplexing. (c) The geometry of a double beam vortex lens.

simultaneously. The following concave shape equation was included
to take into consideration the focal length and the location of the
overall lens:

fl \/RPrz + (fl - Rer + V RC’Z - RPVZ)Z Re - \/ Rcrz - Rpr2
cm Cm - o] ’

3)
where Ry, is the radius of the aperture, f; is the focal length of the
lens, R, is the radius of the curvature of the lens, while ¢, and
¢; are the speed of sound of the surrounding material and lens,
respectively. It is worth noting that the first-order Taylor series
approximation of the square root function, as presented in Eq. (3),
results in the widely recognized form for R., of an acoustic lens used
in various studies R = f(1 - %").43'“

B. Numerical simulation

The performance of the proposed lens in generating a double
beam acoustic vortex was assessed using finite element simulations
in COMSOL Multiphysics v6.1. Using the same software, the STL
file of the 3D generated lens was imported and a linear isotropic
elastic material property was assigned to it. In the simulation, a
total diameter of Dy, = 49 mm was utilized for the lens. It was
entirely encompassed by a cylindrical space measuring 100 mm in
height (H) and 49 mm in diameter, which was concentric with the
lens. A linear elastic model for the fluid was used in the simulation.
Owing to the small attenuation in the lens material and the back-
ground medium, loss is not considered in the numerical model. A
free adaptive tetrahedral element mesh was implemented, with the
largest element sizing up to 0.5 mm, paired with a curvature fac-
tor of 0.3. The density and speed of sound assigned to the imported
lens and the surrounding medium correspond to the cured SLA resin
and water properties, which are p; = 1178 kg/m?, ¢; = 2591 m/s and
p,, = 1000 kg/ m?, ¢, = 1490 m/s, respectively, to accurately represent
the model.** The pressure acoustics-frequency domain was used for
calculating the pressure distribution and phase variations produced
by the lens. The equation that formed the basis of the numerical

analysis uses the inhomogeneous Helmholtz equation. For a lossless
adiabatic flow, it reads

2
A.(_lApt)_keth:O’ (4)
P P

where the material density is donated by p, the total pressure is pre-
sented by p,, while k., represents the wave number that contains
both the ordinary wave number k = CQI and the out-of-plane wave
number k;, where w is the angular frequency and ¢ is the lens speed
of sound. To study the wave field generated by the lens, a plane wave
radiation boundary condition with an acoustic excitation frequency
of 1 MHz was established at the lens’s base. Impedance boundary
conditions were placed along the cylindrical area’s perimeter and
apex to eliminate unwanted reflections during the simulation, while
a sound hard boundary condition was selected for its bottom main-
taining a realistic representation of actual conditions. Simulations
were conducted on four different versions of acoustic vortex lenses: a
single vortex, a double vortex, and a focused single and double vortex
with a curvature radius of R. = 28 mm, respectively.

As shown in Fig. 2, the simulation results in the x-y plane
away from the lens across these scenarios revealed that the variations
in phase and amplitude were consistent with anticipated outcomes
drawn from both theoretical insights and the existing literature on
single acoustic beam vortices’**” and double optical vortices,* as
well as from acoustic-related theoretical predictions. In addition,
the single vortex’s pressure field demonstrated a gradual phase shift
from 0 to 27, including the anticipated singularity at its core. Sim-
ilarly, this pressure profile featured a pronounced pressure ring,
formed due to the differential pressure and angular momentum of
the vortex, amid a zone of zero pressure at the center. The dou-
ble vortex replicated these patterns, with the phase shifting twice
smoothly between 0 and 27 and singularities at the center of each
vortex. The pressure profiles of the double vortex confirmed the
expected outcomes as well, with prominent pressure rings from each
vortex merging to create a figure-of-eight pattern, while the centers
maintained zero pressure.
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FIG. 2. Simulated results of (a)-(d) normalized pressure and (e)—(h) phase profile in the x-y plane at z = 65 mm of single vortex, double vortex, focused single vortex, and

focused double vortex, respectively.
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FIG. 3. Simulated results of normalized pressure in the x-z plane of (a) single vortex, (b) double vortex, (c) focused single vortex, and (d) focused double vortex.

To better visualize the performance of the lenses, the pressure
fields in the x-z plane at y = 0 mm across these scenarios are pre-
sented in Fig. 3 as the waves propagate from the lens to the far field.
The presented area spans 49 mm along the x-axis and 100 mm along
the y-axis. In the case of single and double vortices, a high pressure
region generated due to the angular momentum of the vortices can

be observed along the plane with a pressure minimum situated at
the center of it. For the case of focalized lenses, the majority of the
acoustic pressure is generated at the design focal point of the lenses
as expected with a slight variation due to the nature of the vortex.
Compared to the normal vortex lenses, it can be seen that the focused
lenses are capable of effectively focalizing energy at the pre-designed

FIG. 4. Completed 3D-printed lenses. (a) Single vortex, (b) double vortex, (c) focused single vortex, and (d) focused double vortex.
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FIG. 5. Schematic of the measurement setup used for the vortex data collection.

focal point of the lens, thus providing a convenient way of tailoring
the focusing effect based on the desired application.

lll. EXPERIMENTAL RESULTS

To evaluate the performance of the different acoustic vortex
lens configurations, a prototype was produced for each design using
a Formlabs stereolithography 3D printer, which offers a high print
resolution of up to 25 um. Such a resolution is well below the
corresponding wavelength of the acoustic waves, thereby ensuring
the smoothness of the fabricated lenses and helping to minimize
undesired diffractions. All lenses had a consistent diameter of 49 mm
to match the transducer’s size. The variation designed for focusing
had a curvature radius of 28 mm. The lenses had a base height of
4 mm and a peak height of 8.1 mm. Figure 4 illustrates the completed
3D-printed lenses designed for both single and double vortices.

Following their printing, the lenses were mounted on a ceramic
circular piezoelectric transducer (SMR, Davenport, FL). This trans-
ducer has a diameter of 49 mm and a thickness of 2 mm, with a
1 MHz resonance frequency to provide the necessary acoustic actu-
ation. A function generator (RIGOL DG4162, Portland, OR) was

ARTICLE pubs.aip.org/aip/apm

used to generate a sinusoidal burst signal with a 20% duty cycle and
shaped by a Gaussian envelope. The output signal was then ampli-
fied through an RF power amplifier (ENI 3200L, Renton, WA) to
ensure sufficient acoustic wave intensity at the bottom of the lens.

The generated acoustic field during each experiment was mea-
sured using a hydrophone (Acoustics NH0500, Dorchester, UK)
mounted on a 3D scan stage. The schematic of the measurement
setup is shown in Fig. 5. The generated sinusoidal burst input wave
was used to differentiate the direct-transmitted signal emitted from
the lens from the reflected ones generated by the boundaries since
these signals have some time delay. The hydrophone was used for
the collection of the initial experimental data through a 5 mm needle
hydrophone, which was then processed using appropriate software.
To preserve the integrity of the measured signal and to isolate it
from unwanted background noise and secondary reflections, a com-
bination of a 10 Hz high-pass Butterworth filter and a custom-made
MATLAB script was utilized. The script was used to keep the main
signal originating from the lens intact by using a sliding window
technique, which effectively discarded any data points not associated
with the primary event, such as the secondary reflections generated
from the water tank walls. The implementation of the filtering step
was essential to achieve a precise phase. The data of this phase were
then derived by employing the signal from the function generator as
a reference point.

During the experimental process, a thorough scan consisting
of an 80-by-80 step matrix in both x and y directions was per-
formed with 125 000 data points recorded and extracted through the
use of oscilloscope memory at each position on the hydrophone’s
scanning trajectory. The configured scanning array comprehensively
encompassed the vortex lens and its surrounding field, facilitating an
enhanced analysis and visual representation of both amplitude and
phase information generated by the lens. The obtained experimental
results for the different lens configurations for both phase and pres-
sure amplitude variations at z = 65 mm, which corresponds to the
focal depth of the focal lenses, are shown in Fig. 6.

Experimental outcomes for all lens configurations demon-
strated good agreement with theoretical and simulation results. In
the case of a single vortex, the phase variation was observed to range
between 0 and 27 concentrically around the core, and the pressure

Pressure [a.u.]

Phase [rad]

FIG. 6. Experimental results of (a)-(d) the normalized pressure and (e)-(h) the phase profile in the x—y plane at z = 65 mm of single vortex, double vortex, focused single

vortex, and focused double vortex, respectively.
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profile exhibited a point of zero pressure at the lens’s center. With
regard to the double vortex configuration, the phase pattern resem-
bled that of the single vortex, yet it was replicated at the center
of each of the two vortices. This duplicating effect was similarly
reflected in the pressure profile for the double vortex, where a zero-
pressure point can be clearly seen at the central point of each vortex.
The experimental findings indicate that by meticulously designing
and integrating different acoustic structures, it is feasible to create
intricate sound patterns, such as the case with the double vor-
tex, while still maintaining a straightforward design and fabrication
process.

Nonetheless, some inconsistencies were observed when com-
paring theoretical predictions with experimental outcomes. Specif-
ically, the phase spirals produced were not as refined, exhibiting
insufficient smoothness and an indistinct central phase singularity in
contrast to the simulations. In experiments with the focused acous-
tic vortex lens, the actual focal lengths did not exactly match the one
seen in the simulation, and there was a minor misalignment of the
produced vortex beam from the center of the lens, especially for the
double vortex case. The discrepancies observed between our simu-
lated results and the experimental measurements could have several
underlying causes. One potential source of error may be the slight
variation between the actual properties of the cured resin compared
to the reported data. In addition, the limited scanning resolution of
the hydrophone could lead to some inconsistencies in the measured
fields. Other reasons for the inconsistency can also be attributed to
the fluctuation generated by the transducer throughout the exper-
imental procedures and the minor deviations in the phase profile
due to imperfections during the printing process. Nevertheless, the
aforementioned experimental errors could be reduced by improving
the efficiency of the transducer, lens fabrication, and scanning sys-
tem and reducing step size during collecting the data even though it
could be computationally taxing.

IV. CONCLUSION

In this research, an acoustic lens capable of creating a double
vortex was both theoretically conceived and experimentally veri-
fied. The proposed lens design incorporated a concave element into
the initial model, resulting in a version capable of concentrating
double acoustic vortices. This method holds promise for greater
practicality and effectiveness as it dispenses with the complicated
arrays of transducers or intricate experimental setups previously
required to generate such complicated vortex patterns, applica-
ble to both single and twin vortex configurations. Custom scripts
were employed for theoretical modeling, while the COMSOL soft-
ware facilitated pressure acoustics—frequency domain simulations to
study the different variations of the proposed acoustic lens. These
simulations confirmed that the performance of the proposed lens
design and its variations aligned with the predictions based on theo-
retical understanding and the body of knowledge surrounding both
single acoustic and double optical vortices. Employing a PZT trans-
ducer with a resonance frequency of 1 MHz, the results confirmed
the formation of a double-vortex profile. This was evidenced by dis-
tinct circular pressure patterns with a phase spiral variation from
0 to 27 at the core of each vortex. The findings were further sup-
ported by an experimental validation approach using 3D printing
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and hydrophone measurement. Our research broadens the function-
ality beyond traditional single-beam acoustic vortices, enhancing
their significance in the realms of biomedicine, communications,
and the active control of in vivo entities by introducing more vortices
and enabling the control of their intensities.”’

The outcomes and demonstrations of this study shed new light
on the ultrasonic domain and pave the way for potential interesting
work related to acoustic vortex and its use in 3D fields through dou-
ble acoustic vortex generation. The suggested method offers advan-
tages across a broad spectrum of uses. For instance, a single, pre-
fabricated lens could simplify complex scenarios involving a double
vortex, which would greatly simplify the need for intricate tweezer
systems and enhance both the efficiency and simplicity of the exper-
imental setup. Furthermore, the proposed lens design allows the
tuning of the focal distance in the case of the focusing version so
that the acoustic energy can be concentrated at a desired location.
Such flexibility could be very helpful in acoustofluidics, where this
lens could enable selective manipulation of particles of different sizes
and characteristics due to its ability to focus energy more intensely
at a specific location.”® In addition, the vortex’s angular momen-
tum could be harnessed to dislodge blood clots in human arteries.™
Moreover, while a topological charge of one is demonstrated in the
current work, extending the design for other vortex beams with
different topological charges is straightforward. The lens design pro-
posed in this paper can also be extended to incorporate more than
two vortices, which will broaden the bandwidth and capacity of
vortex-based particle manipulation and acoustic communications.
In principle, the proposed approach can be integrated with itera-
tive algorithms or inverse design techniques for multiplexed vortex
generations at different frequencies, as has been demonstrated in
acoustic holograms.” ’ It is hoped that the proposed approach pro-
vides a versatile means of synthesizing acoustic vortex beams with
distinct features and will benefit a range of applications as well as the
future enhancement of medical instruments.
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