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Airy beams are peculiar beams that are nondiffracting, self-accelerating, and self-healing, and they have
offered great opportunities for ultrasound-beam manipulation. However, one critical barrier that limits
the broad applications of Airy beams in ultrasound is the lack of simply built devices to generate Airy
beams in water. This work presents a family of Airy-beam-enabled binary acoustic metasurfaces (AB
BAMs) to generate Airy beams for underwater ultrasound-beam manipulation. AB BAMs are designed
and fabricated by three-dimensional (3D) printing with two coding bits: a polylactic acid (which is the
commonly used 3D printing material) unit acting as a bit “1” and a water unit acting as a bit “0.” The
distribution of the binary units on the metasurface is determined by the pattern of Airy beam. To showcase
the wave-front engineering capability of the AB BAMs, several examples of AB BAMs are designed, 3D
printed, and coupled with a planar single-element ultrasound transducer for experimental validation. We
demonstrate the capability of AB BAMs in flexibly tuning the focal region size and beam focusing in 3D
space by changing the design of the AB BAMs. The focal depth of AB BAMs can be continuous and
electronical tuned by adjusting the operating frequency of the planar transducer without replacing the AB
BAMs. The superimposing method is leveraged to enable the generation of complex acoustic fields, e.g.,
multifoci and letter patterns (e.g., “W” and “U”). The more complex focal patterns are shown to be also
continuously steerable by simply adjusting the operating frequency. Furthermore, the proposed 3D-printed
AB BAMs are simple to design, easy to fabricate, and low cost to produce with the capabilities to achieve
tunable focal size, flexible 3D beam focusing, arbitrary multipoint focusing, and continuous steerability,

which creates unprecedented potential for ultrasound-beam manipulation.
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I. INTRODUCTION

The concept of Airy beams originated from quantum
mechanics in 1979 [1]. This concept was introduced into
optics in 2007 [2], and was later brought into acoustics
in 2014 [3]. As a solution of the Schrodinger equation
and paraxial wave equation, the Airy function gives rise
to Airy beams that are nondiffracting, which means that
a beam can propagate for a long distance without sig-
nificantly extending its width. Simultaneously, this beam
laterally shifts in the transverse plane along a parabolic
self-accelerating trajectory. When symmetric airy beams
are generated, these beams can autofocus at a point. Airy
beams also exhibit self-healing properties in the sense
that the beams reconstitute themselves and continue their
trajectory even after the beam is severely perturbed [4].
Because of these peculiar properties, Airy beams have
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attracted extensive attention in the past decade and have
been applied in a wide range of areas, ranging from par-
ticle manipulation [5] and trapping [6], laser filamentation
[7], light-sheet microscopy [8], nonlinear optics [9,10], and
nondiffracting waveform generation for electron beams
and quantum particles [11,12].

Acoustic Airy beams have great potential in acoustic
beam manipulation, particle tracking, and acoustic focus-
ing [13—15]; however, one key challenge that hinders the
broad application of acoustic Airy beam is the lack of sim-
ply built devices to generate these beams. One approach
to generate Airy beams is to use phased arrays, which
generate desired Airy beams by dynamically modulating
the phase delay of each independent transducer element
[3,13,16]. Although phased arrays have the advantage
of being dynamically programmable, these arrays need a
large number of transducer elements individually address-
able by complex electronics [17]. Another promising
approach is to place an acoustic lens in front of a

© 2022 American Physical Society


https://orcid.org/0000-0003-1904-0857
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.18.024070&domain=pdf&date_stamp=2022-08-26
http://dx.doi.org/10.1103/PhysRevApplied.18.024070

ZHONGTAO HU et al.

PHYS. REV. APPLIED 18, 024070 (2022)

single-element planar transducer. Different design schemes
of the acoustic lens have been proposed, such as tailored
acoustic phase mask [18], zero-index medium [19], and
thermoacoustic phase control [20]. However, these acous-
tic lens are three-dimensional (3D) materials that can be
bulky or complex in design.

Acoustic metasurfaces, which are two-dimensional (2D)
materials of subwavelength thickness, offer a great alter-
native to bulky 3D materials for acoustic wave-front
manipulation. Since its inception, the field of acoustic
metasurfaces has undergone rapid expansion [21]. Acous-
tic metasurfaces enable the design of devices with complex
and unprecedented functionalities and offer opportunities
in many applications, such as beam focusing, cloaking,
sound absorption, and anomalous reflection and refraction
[22-31]. Among them, beam focusing is one of the most
fundamental examples of wave-front engineering. Acous-
tic focusing is useful not only for fundamental research
of wave propagation but also for applied research in
fields such as biomedical imaging, therapy, nondestructive
testing, and particle manipulation [32—34].

Several acoustic metasurfaces for generating symmet-
ric Airy beams have been manufactured, including the
space coiling-up structures [35,36], lossy hole structures
[37], and Helmholtz-resonator-like structures [38—40].
However, these pioneering studies focused on airborne
sound waves with long wavelengths and often require the
manufacturing of subwavelength units with complicated
microstructures, which poses challenges to the fabrication
for ultrasound since the typical wavelength is on the mil-
limeter scale. Meanwhile, these structures rely mainly on
the high acoustic impedance mismatch between air and
the solid materials used to build these structures. Hence,
the lack of sufficient impedance contrast between water
and solid materials prevents the use of these designs for
underwater applications [30].

The objective of this work is to develop a family of 3D-
printable Airy-beam-enabled binary acoustic metasurfaces
(AB BAMs) to enable a broad range of applications in
ultrasound-wave manipulations. Binary acoustic metasur-
faces have great promise in acoustic wave manipulation by
constructing “digital metasurface bits” to acquire sophis-
ticated functions in wave manipulation [41]. Typically,
binary acoustic metasurfaces are designed by macroscop-
ically arranging two types of subwavelength meta-atoms
with “0” and “1” digital states [42]. Recently, Jiang et al.
performed theoretical simulations to show that a binary
acoustic metasurface could produce Airy beams in water
[15]. Their numerical simulations showed the capability
of the binary phase modulation in generating ultrasharp
focusing Airy beams. In this paper, we propose to develop
AB BAMs by a 3D-printing technique using two coding
bits, a polylactic acid (PLA) unit acting as the bit “1”
and a water unit acting as the bit “0.” The distribution
of the binary unit on AB BAMs depends on the pattern

of Airy beams. By combining numerical simulations with
experimental measurements, we demonstrate the versatile
capability of the 3D-printed AB BAMs in tuning the focal
size, flexible beam focusing in 3D, and generating a com-
plex beam pattern that are continuously steerable along the
axial direction.

II. METHODS
A. AB BAM design for single-point focusing

In this section, we provide a full description of how the
AB BAM is designed. Considering a circular Airy beam
propagating along the z axis, the pressure profile of the
Airy beam at the initial plane (z = 0) can be described by
[43,44]

7o —\/(JC—?CO)2 + (=0’

w
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where Ai(s) = 1/ [, cos(/3 + st)dt is the Airy func-
tion, 7y is a ring parameter related to the radial position
of the primary Airy ring and w is the radial scaling fac-
tor, (x, y) represent the coordinates on the initial plane of
the metasurface, and the circle center (xy, yo) decides the
center of the initial plane of Airy beam, which directly
defines the focused position of the AB BAM in the x-y
plane. In addition, the term « is an exponential decay factor
in ensuring that the wave conveys finite energy, it affects
only the amplitude, but does not affect the phase distribu-
tion of the Airy beam (o = 0.002 for all designs in this
study henceforth). As an example, the phase extraction in
Fig. 1(b) shows the cross sections of the Airy-beam pro-
files generated by three different exponential decay factors:
op = 0.002, a, = 0.05 ,and oz = 0.1. We can see that the
decay factor affects only the amplitude of the Airy-beam
pattern, but not the phase profile. The set of parameters (7,
w) are named as property parameters, which determine the
focal properties of the AB BAM, including the focal depth
(z0), full length of half maximum (FLHM) and FWHM.
Figures 1(a)-1(d) show the steps taken to design the
AB BAM for single-point focusing. First, the amplitude
p(x,y) distribution of the Airy beam at its initial plane
is calculated. The cross-section line of p(x,y) exhibits an
oscillatory and exponential decaying nature with p (x,y) =
0 being the turning point [Fig. 1(a)]. Second, the pres-
sure profile is converted to a binary phase with ¢ (x,y) = 0
for p(x,y) > 0 and ¢(x,y) = /2 for p(x,y) < 0 [Figs.
1(b) and 1(c)]. Third, the binary phase map is rendered
into a 3D-printed model for the design of a circular-shape
AB BAM [Fig. 1(d)]. Finally, the 3D model is printed
using a 3D printer (Ultimaker S5, Ultimaker, Netherlands)
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FIG. 1.

Design of 3D-printed AB BAMs. (a) AB BAM is designed based on the Airy-beam amplitude distribution p(x,y) at the

initial plane with the beam’s cross-section line of the amplitude shown on the right side. (b) The term « is an exponential decay
factor that affects only the amplitude, but does not affect the phase distribution of the Airy beam. After phase extraction, the pressure
distribution is converted into a binary phase profile ¢(x,y) with the profile’s cross-section line of the amplitude shown on the right
side (c). (d) The black and white circles represent units “1”” and “0,” respectively. The phase profile is then converted to a 3D model
of an acoustic metasurface with the metasurface’s thickness d chosen to generate a phase delay of /2. The 3D model is made with
a 3D printer using polylactic acid (PLA) filament. The AB BAM can be designed to tune the focusing property. For example, the
AB BAM can generate a focused ultrasound beam with sharp focusing (e) and needle focusing (f). (g) Illustration of the AB BAM
designed for off-axis beam focusing. (h) Illustrations of AB BAM designed for multipoint focusing. Superimposing the patterns of
Airy beams focused at one point on the left [p; (x,y)] and one point on the right [p,(x,y)] to construct the amplitude distribution of
double focusing [p (x,y)]. The amplitude profile is converted to a binary pattern ¢(x,y) and 3D printed to generate a double-focusing

beam.

using the polylactic acid plastic as the filament at print-
ing resolutions of 0.25 and 0.01 mm for the surface and
layer, respectively. We couple the printed AB BAM with
a planar single-element ultrasound transducer with a cen-
ter frequency of 500 kHz and an aperture of 120 mm. In

addition, the AB BAM has a diameter of 120 mm to match
the aperture of the transducer.

The phase delay of each pixel on the metasurface
is proportional to its thickness [45]. To produce a
phase delay of m/2, the thickness of unit “1” (d) is
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calculated using (2nf/c\)d — 2nf/cy)d = w /2, where
c; and ¢ are the sound speed of the water and
polylactic acid, respectively, and f is the operating
frequency. Thus, the thickness is represented as d =
cica/4f (¢ — c1). The pressure transmission coefficient
(T) of each unit “1” can be calculated using [46] T =
27,/(2Z.cos2nfd/cy) — i(Z,2 + D)sin(2zfd/c;)), where
the normalized acoustic impedance is given by Z, =
Z,/Z;, the impedance of water is given by Z, = picy,
and the impedance of polylactic acid is given by Z, =
p2¢y. The terms p; and p, are the densities of water and
polylactic acid, respectively.

The acoustic properties of polylactic acid material are
obtained experimentally using a pulse-echo technique in
a cubic structure, resulting in a measured sound speed of
2212 m/s, and a density of 1223 kg/m?, and absorption
of 3.54 dB/cm for 500 kHz. These meausrments matched
those reported in previous studies [47,48]. Water as the sur-
rounding medium has a sound speed of 1484 m/s and mass
density of 998 kg/m? at room temperature. The thickness
of the AB BAM is calculated to be 2.35 mm for a 500-kHz
transducer, which is approximately 0.8A (A = 2.97 mm).
The metasurface includes two printed parts. The first part
is the polylactic acid unit on the metasurface with a depth
of 2.25 mm that provides /2 phase shift for the 500-kHz
transmitted ultrasonic wave. The second portion is the base
plate printed at a thickness of 0.10 mm, which is needed to
stabilize the metasurface. The transmission coefficient is
99.6% for unit “1,” which indicates efficient transmission
through the metasurface.

The designed AB BAMs enable flexible and versatile
ultrasound-beam manipulations. In this study, we demon-
strate that AB BAMs can achieve tunable focusing proper-
ties, flexible beam focusing, arbitrary multipoint focusing,
and continuous steering. We can achieve a sharp-focused
beam [Fig. 1(e)] with a small FLHM and a large FWHM
and a needle-focused beam [Fig. 1(f)] with a large FLHM
and a small FWHM. The focus of the Airy beams can be
steered along the center axis of the metasurface. More-
over, the focus can be steered off axis by moving the
ring center (xg, o) from the geometric center (0, 0) to
off center (x,,, Vi) # (0,0). As illustrated in Fig. 1(g), the
amplitude profile of an Airy beam centered at (x;, y;) is
calculated and then transformed into a binary phase pro-
file for off-axis steering. The focus of the AB BAM can
also be tuned continuously along propagation direction by
adjusting the operating frequency of the planar transducer
without replacing the AB BAMs.

B. AB BAM design for multipoint focusing

In addition to single-point focusing, AB BAMs can be
designed to generate multifocal points through the super-
imposing method [49]. The final amplitude map p(x,y)

can be expressed as

p(x’y)zzpnl(x’y)im:172)"" (2)

rO_\/(x_xm)2+(y_ynz)2

w

Pm(x,y) = Ai

(o= e —m/0))

As a demonstration of this capability, we design AB BAMs
for double focusing and generating patterns of “W” and
“U.” For the generation of two foci, the amplitude distri-
bution p (x, y) at the initial plane is calculated by the super-
position of the Airy-beam patterns with two foci [p; (x,y)
and p; (x,y)], as illustrated in Fig. 1(h). The superimposed
amplitude map p(x,y) is transformed into a binary phase
map ¢(x,y) to generate an ultrasound field with double
focusing. The superposition method can be extended to
form arbitrary focusing patterns in space, such as the letters
“W’and “U.”

C. Numerical simulation and experimental validation

Several examples of AB BAMs are designed and 3D
printed to showcase the wave-front engineering capability
of the AB BAMs. We perform numerical simulations and
experimental measurements to validate the performance of
the 3D-printed AB BAMs.

Numerical simulations of the 3D acoustic pressure fields
generated by the AB BAMs that are coupled with a pla-
nar and uniform incident wave is performed using an
open-source MATLAB toolbox, k£ wave, and pseudospectral
method with k-space dispersion correction [50—53]. Clus-
ter computing with one graphics processing unit (Nvidia
Tesla V100, Nvidia Corporation, Santa Clara, CA, USA)
is used to accelerate the 3D simulations. A numerical grid
with a spatial step of Ax = Ay = Az =200 um and a
numerical temporal step of A¢ =20 ns are used, which
leads to a Courant-Friedrichs-Lewy number of 0.1 and
a spatial sampling of approximately 15 grid points per
wavelength in water for a frequency of 0.5 MHz. These
parameters are fixed for all simulations in this study.

Experimental validation is carried out by coupling the
3D-printed metasurfaces with the 500-kHz ultrasound
transducer. The ultrasound transducer is made of a single-
element circular lead zirconate titanate (PZT) ceramic
(DL-20, Del Piezo Specialties LLC, West Palm Beach,
FL, USA). Two wires are soldered to the two electrodes
of the transducer and connected to an electrical driv-
ing system composed of a function generator (Model
33500B, Keysight Technologies Inc., Englewood, CO,
USA) and a power amplifier (1020L, Electronics & Inno-
vation, Rochester, NY, USA). The transducer is mounted
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FIG. 2. Tunable focusing properties of AB BAMs. The operating frequency is 500 kHz, ry/A is within the range of [—10, 2], and
/X is within the range of [0.6, 1.2]. The simulation results show that (a) the focal depth is tunable from 0.1 to 90.0 mm, (b) the
FWHM is tunable from 1.33X to 12.61, and (c) the FWHM is tunable from 0.51X to 1.20A.

in a 3D-printed housing. The ultrasound pressure fields are
measured using a lipstick hydrophone (HGL-200, ONDA
Corporation, Sunnyvale, CA, USA) in a water tank filled
with degassed and deionized water at 22°. The hydrophone
is connected to a preamplifier (AG-20X0, Onda Corp.,
Sunnyvale, CA, USA) and a digital oscilloscope (Pico-
scope 5443D, St. Neots, United Kingdom) and is moved in
3D using a computer-controlled 3D stage (PK245-01AA,
Velmex Inc., NY, USA). The 3D stage is controlled to
move at a step size of 0.3 mm over a scanning volume
that covers the focal patterns of the ultrasound fields. The
calibration is conducted by driving the ultrasound trans-
ducer with a 20-cycle pulsed wave with a pulse repetition
frequency of 100 Hz.

III. RESULTS

A. Tunable focusing properties

The focusing properties of AB BAMs, which include
focal depth, FLHM, and FWHM, are tunable by mod-
ulating the property parameters (79, w). Over a selected
parameter space with ry/A in the range of [—10, 2] and
/A in the range of [0.6, 1.2], numerical simulations show
that the focal depth of the ultrasound beam can be tuned
from 0.1 to 90 mm [Fig. 2(a)], FLHM can vary from 1.33X
to 12.61A [Fig. 2(b)], and FWHM can change from 0.51A
to 1.20)1 [Fig. 2(c)]. The numerical results highlight the
flexibility of AB BAMs in tuning the focusing properties.

Two AB BAMs are 3D printed to demonstrate the
unique capability of AB BAMs in tuning the focus-
ing properties. These two metasurfaces are designed to
achieve sharp and needle focusing at the same focal depth
z = 45 mm, respectively. Figures 3(a) and 3(b) show the
designed and 3D-printed AB BAMs. The sharp focused
beam is designed with (rp = 1.73, w = 0.89), and the
needle-focused beam is designed with (rp = —9.00, w =
1.10). The simulated and measured ultrasound fields in the
axial plane are presented in Figs. 3(c) and 3(d) and the ones
for the lateral plane are presented in Figs. 3(e) and 3(f).
The axial and lateral beam profiles across the focal point

are shown in Fig. 3(g). Numerical simulation finds that the
sharp focused beam has a short focal length with a FLHM
of 3.361 and FWHM of 0.81X. The needle-focused beam
has an elongated focal region with a FLHM of 11.15
and FWHM of 0.69A. On the other hand, the experimen-
tal results show that the FLHM and FWHM are 3.42A and
0.83A for the sharp-focused beam and 10.961 and 0.72X
for the needle-focused beam. The numerical simulation
and experimental measurements are in good agreement.
These two examples demonstrate that the focusing prop-
erties of AB BAMs are highly tunable by modulating
the pattern of Airy beams. Different focusing patterns can
be used for various ultrasound applications. For example,
high-intensity focused ultrasound (HIFU) therapy requires
a beam with a short axial length to avoid off-target effects
in the surrounding tissue [54], whereas ultrasound imag-
ing requires a beam with narrow lateral focal dimensions
to improve the lateral imaging resolution [55].

B. Flexible beam focusing in 3D

AB BAMs have the capability to flexibly adjust their
foci in 3D space by changing the design parameters. We
design and 3D print several AB BAMs to demonstrate this
capability. Figure 4(a) shows the designed and 3D-printed
AB BAMs for beam focusing along the center axis of the
metasurface. Three AB BAMs are designed using different
sets of property parameters (rp = 1.38, w = 0.83), (rp =
1.73, @ = 0.89), and (1o = 1.98, @ = 0.97) to achieve
focal depths of z = 35 mm, z = 45 mm, and z = 55 mm,
respectively. Figure 4(b) displays the simulated and mea-
sured ultrasound fields on the x-z plane. The corresponding
normalized axial and lateral focal beam profiles for each
focal depth are presented in Fig. 4(c). Both the FWHM and
FLHM slightly increase as the focal depth increases. Based
on the simulation results, the FWHMSs are 0.74A, 0.81X,
and 0.88A, and the FLHMs are 2.74), 3.36A, and 4.42\
for the focal depths of z = 35 mm, 45 mm, and 55 mm,
respectively. The corresponding experimental results find
that the corresponding FWHMs are 0.79A, 0.83X, and
0.93A, and the FLHMSs are 3.02), 3.42), and 4.45\. The
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beam (ro = 1.73,w = 0.89),
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experimental measurements match the simulation results
and agree well with the design.

Figure 4(d) shows the designed and 3D-printed AB
BAMs for off-axis beam focusing. The circle center (xo,
o) 1s set at (0,0) mm, (—15,0) mm, and (—30,0) mm,
with a constant focal depth z =45 mm (ry = 1.73, 0w =
0.89), to design three AB BAMs focusing, respectively, at
x =0 mm, x = —15 mm, and x = —30 mm, respectively.
Figure 4(e) displays the simulated and measured ultra-
sound fields on the x-z plane when the focus is steered
off axis. The generated acoustic fields accurately match
the simulations. Figure 4(f) presents the corresponding
normalized axial and lateral beam profiles from the sim-
ulations and experiments. As the focused beam steers
from 0 mm to —30 mm off axis, the FLHM remains
almost the same at approximately 3.36) in simulations
and approximately 3.42 in experiments, while the FWHM
progressively increases and are from 0.814, 0.84A, to 0.97A
in the simulations and 0.83X, 0.87X, and 1.02A in the
experiments. The above findings suggest that the focal
position of AB BAMs can be adjusted along the axis
and off axis. The 3D arbitrarily focusing property of AB
BAM makes the metasurface a versatile tool for various
applications.

C. Arbitrary multipoint focusing

The previous results demonstrate the flexibility of AB
BAMs for single-point focusing. In this subsection, we
extend the applications of AB BAMs to achieve arbitrary
multipoint focusing.

Figure 5(a) shows the designed and printed bifo-
cal AB BAM for the bilateral focus. The focal
points are set to (x = —15,y =0,z =45) mm and
(x =15,y = 0,z = 45) mm, respectively, by superimpos-
ing the patterns of two Airy beams at the initial plane.
Specifically, the two Airy beams are designed with
the circle center located at (xg = —15,y9 = 0)mm and
(xo = 15,9 = 0)mm using the same property parameters
(ro = 1.73, w = 0.89) at a focal depth of 45 mm, respec-
tively. Figures 5(b) and 5(e) show the ultrasound fields
generated in the x-z plane by simulation and experimental
measurements, respectively. The lateral ultrasound fields
in the x-y plane are shown in Figs. 5(c) and 5(d). Excellent
agreement is observed between the simulation and exper-
iments. The lateral and axial beam forms across the focus
are shown in Figs. 5(f) and 5(g). Additionally, the FWHM
and FLHM from the experiments (0.95X and 3.64A, respec-
tively) are in good agreement with the simulations (0.87A
and 3.53, respectively).
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FIG. 4 Flexible focusing in 3D space with AB BAMs. (a) The designed and 3D-printed AB BAM for steering along the axis atx = 0
withz =35 mm (rp = 1.38, w = 0.83), z =45 mm (rp = 1.73, ® = 0.89), and z = 55 mm (ry = 1.98, @ = 0.97). (b) The simulated
and experimentally measured (offset) ultrasound fields in the x-z plane when steering along the axis with z = 35 mm, z = 45 mm, and
z = 55 mm (c) Corresponding normalized axial and lateral beam profiles. The measured peak pressures are 0.81, 0.93 and 0.88 MPa for
z=235, 45 and 55 mm, respectively. (d) The designed and 3D-printed AB BAMs for steering off axis at z = 45 mm with x = 0 mm,
x = —15 mm, and x = —30 mm, respectively. (¢) Resulting fields from experiments and simulations when steering along off axis
at z = 45 mm with x = 0 mm, x = —15 mm and x = —30 mm. (f) Corresponding normalized lateral and axial beam profiles when
steering off axis. The measured peak pressures are 0.93, 0.85 and 0.74 MPa for x =0, —15 and —30 mm, respectively.

Complex multipoint patterns such as the letters “W”  plane at z = 35 mm with the property parameters (ro =
and “U” can also be generated by AB BAMs. Figures 1.38, w = 0.83). Figures 6(b) and 6(e) present the simu-
6(a) and 6(d) show the designed and printed AB BAMs  lated acoustic pressure fields at the focal plane, where the
that generate the letter “/”” and “U” patterns in the focal  letters are distinctly visible. Figures 6(c) and 6(f) show
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AB BAM for double focusing. (a) The designed and 3D-printed AB BAM for double focusing at z = 45 mm. The ultrasound

field in the x-z plane by simulation (b) and experiment (e). (c), (d) Corresponding lateral field in x-z plane. (f), (g) Simulated and
experimentally measured axial and lateral pressure profiles. The measured peak pressure is 0.73 MPa.

the experimentally measured ultrasound fields at the focal
plane, where both letters are distinctly visible. The simula-
tion and experiment show agreement in the overall shapes
of the patterns. The discrepancy between simulation and
experiment may be attributed to a slight error in the
3D-printed phase profile caused by fabrication error and
shear mode conversion in the PLA material [56]. These
examples demonstrate that arbitrary multipoint focusing
can be realized by AB BAMs through the superposition
method, which can broaden the applications of acoustic
Airy beams.

D. Continuously steerable arbitrary pattern focusing

One property of the AB BAM is that it can continuously
steer the beam focus along the wave-propagation direction
by modulating the operating frequency of the planar trans-
ducer without the need to switch the metasurface. In this
subsection, we evaluate the continuously steerable proper-
ties of the AB BAM by changing its operating frequency
for single and multifocal beams.

For single-point focusing, we show that designed and
3D-printed AB BAMs can dynamically tune the focal
depth from 28.4 to 41.6 mm by increasing the operating
frequencies from 0.45 to 0.55 MHz. This frequency range
is within the bandwidth of the planar transducer. A lin-
ear relationship (R?> > 0.99) between the focal depth z and
the operating frequency is found, as shown in Fig. 7(b).
The experimental results agreed well with the numerical
results, with an average relative difference between the
experiment and simulation of approximately 3%.

AB BAMs can also be used to continuously steer an
arbitrary focusing pattern, as demonstrated in Fig. 8. Fig-
ures 8(a)-8(c) show that the multifocal point beam with

the pattern of the letter “U” is steerable to z = 28.4 mm,
z = 35.0 mm, and z = 41.6 mm by changing the operating
frequency from 0.45, 0.50 to 0.55 MHz, respectively. As
shown in Figs. 8(a)-8(c), the letter “U” is distinctly visible
atz = 28.4 mm, z = 35.0 mm, and z = 41.6 mm when the
frequency increases from 0.45, 0.50, to 0.55 MHz, respec-
tively. Overall, the experimental measurements presented

Normalized pressure

FIG. 6. Multipoint focusing to generate the letters “/” and
“U.” (a) The designed and 3D-printed AB BAM to generate the
letter “W.” (b) Simulated and (c) experimentally measured pres-
sure fields with the AB BAM shown in (a). (d) Simulated and
3D-printed AB BAM to generate the letter “U.” (e) Simulated
and (f) experimentally measured pressure fields with AB BAM
shown in (d). The focal depth is 35 mm.
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FIG. 7. Electronical steering of a single focusing point by
changing the operating frequency. (a) Simulated and experimen-
tally measured ultrasound fields in the x-z plane at 0.45, 0.50,
and 0.55 MHz, respectively. (b) Simulated (solid squares) and
experimentally measured (open circles) focal depths z, from 0.45
to 0.55 MHz. The measured peak pressure varies from 0.82 to
0.98 MPa as the frequency increases from 0.45 to 0.55 MHz.

in Figs. 8(d)-8(f) agree well with the simulation results.
Thus, the generated multifocal point beam by AB BAM
can work over a broad frequency range and be able to
continuously steer by the operating frequency.

Simulations

C))

z= 35|.O mm

z=41.6 mm
Il N

z= 35|.O mm z= 41].6 mm

z= 28[.4 mm z= 351.0 mm z= 41].6 mm

FIG. 8.

7

IV. CONCLUSION

We design and 3D-print AB BAMs for ultrasound-
beam manipulation and demonstrate their capability in
ultrasound-beam manipulation in water. AB BAM is a
unique binary acoustic lens because it is designed based
on Airy beams, which have the peculiar properties of
nondiffracting, self-accelerating, and self-healing. Several
features of the AB BAM are demonstrated. First, AB
BAMSs can finely tune the focusing properties such as
the FLHM and FWHM by changing the property param-
eters (rp, w) and customizing to various applications.
Second, AB BAMs can flexibly adjust the focus in 3D
space both along the axis and off axis by modulating
the property parameters (79, w) and circle center (xg, o).
Third, arbitrary multipoint focusing, such as double focus-
ing and even complex pattern like letters “W” and “
U,” can be achieved through the superimposing method,
avoiding the application of the iterative method during
acoustic hologram design, which can effectively reduce
the time consumption. Fourth, the focus of the AB BAM
can also be tuned continuously by adjusting the operating
frequency for both single-point and multipoint focusing
beam.

(d) Experiments
e
(i Ek J
i @
\&
z=135.0 mm z=41|.6mm «
| >
£
3
2
g
Z
z=41.6 mm 0
Il N
| | |
z=28|.4mm z=35i0mm z=41i6mm <
L

Electronical steering of the letter “U” pattern by changing the operating frequency. Simulated pressure field at depths of

28.4,35.0, and 41.6 mm by operating frequency of (a) 0.45, (b) 0.50, and (c) 0.55 MHz, respectively. The corresponding experimental
pressure field under an operating frequency of (d) 0.45, (e) 0.50, and (f) 0.55 MHz, respectively. Color bar in units normalized to the

peak pressure of each operating frequency.
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There are several limitations to this study. First, AB
BAMs are developed for homogeneous media. The gener-
ated ultrasound beams may be distorted in heterogeneous
media such as the skull. The potential solution is to design
AB BAMs to couple with ultrasound transducers at lower
frequencies such as 200 kHz. At such a low frequency,
the aberration induced by the skull is not significant. Sec-
ond, as a proof of concept, our experimental measurements
are conducted with the peak pressures <1 MPa. Future
studies are needed to investigate the generation of higher
pressure levels for applications such as HIFU therapy. The
nonlinear effects associated with high-pressure wave prop-
agation will need to be considered when designing the AB
BAM for these applications. Last, the focusing properties
(FLHM and FWHM) of AB BAMs are highly related to the
acoustic properties of the 3D-printing material. This study
tests only PLA material. Future work is needed to inves-
tigate the performance of AB BAMs printed with other
materials.

It is worthwhile to point out that the printing resolution
of the 3D printer determines the upper limit of the operat-
ing ultrasound frequency of AB BAMs, and the ultrasound
frequency determines the spatial resolution of the resultant
beam pattern. The practical upper limit of the operating
ultrasound frequency depends on the design of each AB
BAMs. As an example, the printing resolution (Rs) of
the 3D printer used in this study is 0.25 mm. The AB
BAM designed for beam focusing shown in Fig. 1(g) has a
minimal ring spacing (D) of 1.25 mm for an operating fre-
quency of 0.5 MHz (Freq). Because the AB-BAM design
parameter is scaled by the wavelength as shown in Fig.
2, the upper limit of the operating ultrasound frequency
(Fmax) can be calculated as Fy,x = (D x Freq)/Rs. As a
result, the Fi,,x for the AB BAM shown in Fig. 1(g) is
2.5 MHz.

In conclusion, this study demonstrates that 3D-printed
AB BAMs provide a flexible and versatile tool for
ultrasound-beam manipulation. It can be easily and accu-
rately manufactured by 3D printing. Complex acoustic
patterns can be generated with the AB BAMs coupled
with a single-element planar ultrasonic transducer. The
proposed 3D-printed AB BAMs can achieve tunable focal
region size, flexible focusing in 3D, arbitrary multipoint
focusing, and contunious steerablility, which may have
the potential for different applications such as neuromod-
ulation [57], HIFU therapy [58,59], ultrasound-mediated
microbubbles for blood-brain barrier opening for brain
drug delivery [60—63] or enriching the brain tumor-derived
molecular biomarkers for sonobiopsy [64—66].
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