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ABSTRACT

Effective sound energy transmission and beam manipulation through stiff and dense materials such as metal remain daunting tasks. It is in
part attributable to the vast impedance mismatch between those materials and ambient media. Adding openings may facilitate to better
bridge energy over, yet ineffective in many applications and may also damage the structural integrity. Here, we present an auxiliary
ultrasound focusing meta-lens for stiff and dense materials. It offers significantly enhanced ultrasound transmission and focusing through a
stiff metal plate yet without enforcing any through holes or openings. The simple, one-sided only meta-structures are designed and optimized
by an inverse strategy based on the genetic algorithm. We numerically and experimentally demonstrate the much enhanced ultrasound trans-
mission when the meta-lens is added to a flat brass plate, along with the capability to offer simultaneous ultrasound focusing. This design
methodology can be easily extended to deal with more complex shaped target in a straightforward manner, offering a practical solution to
the efficient tunneling of ultrasound energy through stiff and dense materials. With simple grating structures, the meta-lens can be easily fab-
ricated, showing great application prospects in medical imaging and disease treatment.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085462

Ultrasound has been widely exploited in numerous applications
such as biomedical ultrasonography,” particle manipulations,”* and
nondestructive health monitoring.” However, there is still a long way
to go toward freewheeling control of ultrasound propagation and
beam manipulation. Taking ultrasound focusing as an example, it has
been a promising tool for noninvasive medical imaging and disease
treatment. A variety of designs, including those that take advantage of
latest phononic crystal and acoustic metamaterial development, were
proposed to improve the focusing performance.” '’ Generally, for
focusing of transmitted ultrasound with these meta-lenses,” " soft
materials containing air scatters or structures with open chan-
nels'’""” are necessary to tune the refractive index distribution and
boost the transmission efficiency. However, in many applications,
ultrasound beams need to be transmitted through a stiff and dense
layer with huge impedance mismatch, and without any openings
(such as bones in soft tissues). They would inevitably experience

strong distortions and serious energy drop due to strong reflection and
other effects caused by the dense material.

To improve the focusing performance of ultrasound transmitting
through dense layers, complementary acoustic metamaterials have
been proposed.””””' However, the membrane-based meta-structures
required for the negative and anisotropic properties usually are not
sufficiently durable and may suffer from uncertain or changed pre-
stress, which become issues in practical implementation.”’ Time-
reversal based techniques have also been developed to introduce the
holographic lenses with tailored phase patterns.'>”* However, they
mainly aim at reconstructing the distorted transmitted field, but not
the energy transmission improvement.

Here, we propose a three-dimensional ultrasound focusing
enhancement (UFE) meta-lens with inverse design, which can increase
the energy transmission and reduce the beam distortion for ultrasound
focusing through a dense layer, simultaneously. The inverse
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optimization is an emerging design approach that has shown powerful
capabilities in acoustic devices development with various functionali-
ties,”>>® such as acoustic cloak, beam splitter, and ventilation barrier.
Here, our proposed inverse design methodology is genetic algorithm
assisted. The structural parameters of the UFE meta-lens are the tar-
geted variables to be globally optimized. The optimal UFE meta-lens
has very simple structure and is made of the commonly used material
(brass). When the UFE meta-lens is attached to a brass plate on one
side, the transmitted power is remarkably enhanced and will be well
focused, simultaneously, which can hardly be realized with conven-
tional techniques. The performance of UFE meta-lens is experimen-
tally demonstrated in a water tank, and the results are consistent with
the numerical predictions.

Generally, the acoustic-solid interaction is neglected under some
careful treatments in designing the underwater metamaterials, "> **
as it will greatly complicate the analytic solution. However here, we
utilize the interaction of the lens with the background medium (water)
to enhance the power transmission of the ultrasound beam. The
inverse design method can be the most appropriate candidate to find
the desired structure with the optimal performance numerically,
avoiding the troublesome in theoretical calculations. It creates more
possibilities to design functional metamaterial devices with irregular
shapes or in complex environment.

First, we consider a system only containing a circular hard plate
immersed in water, as illustrated in Fig. 1(a). This brass plate has a
large impedance mismatch with the background medium (water), so
that ultrasound waves incident on this plate will be almost totally
reflected except for specific frequency components. We globally opti-
mize a 3D axisymmetric lens to help the ultrasound beam to transmit
through this hard plate. The lens is attached to the brass plate only on
one side, as shown in Fig. 1(b), which does not need to damage

R —

=

(d)

FIG. 1. Schematic of the UFE meta-lens. (a) and (b) lllustration of the ultrasound
wave incident on the stiff plate and the stiff plate patterned with the optimized UFE
meta-lens from the top side, respectively. The red and blue arrows illustrate the inci-
dent and reflected sound waves, respectively. (c) Profile of one unit cell in the pat-
terned plate, encircled by the yellow box in (d). The total width of each cell p is set
to be 5mm. The other geometrical parameters are the targeted optimization varia-
bles. The height hy for the stiff plate is set to be 1.8 mm. (d) A quarter of the plate
patterned with the UFE meta-lens. The lens is composed of ten ring structures. The
radius of the stiff plate is set to be 65 mm.
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internal structure of the targeted object and, thus, is much closer to
practical applications. With the lens, for the same incident beam, it
can pass through the plate and is well focused behind the structure.

This UFE meta-lens is designed based on the inverse design
method by optimizing its geometrical parameters. The inverse design
concept combines the genetic algorithm with the finite element
method. The inverse optimization target is to maximize the transmit-
ted acoustic energy and rearrange the transmitted power through the
hard plate to a specific position. The geometrical parameters of the
UFE meta-lens are the optimization variables, which are initialized
within a given range. Then, the genetic algorithm iteratively searches
for the suitable values for these variables to gradually improve the
score of the fitness function. In each cycle, these optimized values will
be passed to the COMSOL Multiphysics for numerical calculations,
and the calculated acoustic intensity profiles are then returned to the
genetic algorithm to act as the fitness function. This process would be
repeated until it satisfies the stopping criterion. Once the optimization
process ends, the best fit values for the target variables would be out-
put, and thus, the optimal structure can be obtained, as illustrated in
Fig. 1(b).

The profile of one unit cell in the patterned stiff plate is presented
in Fig. 1(c). Each unit cell is a circular ring with a part being removed,
which is attached to the brass plate (height hy = 1.8 mm and radius
r = 65 mm). The width and height of the base ring are w;; and h;;
(i=1,2,...,9,10 is the number of the unit cell), respectively. A thin-
ner and shorter ring (width is w;, and height is k;,) is cut from the
top side of the base ring to introduce more degrees of freedom. The
shape of this selected ring structure can facilitate the experimental fab-
rication. The UFE meta-lens is composed of ten ring structures, which
is periodically arranged along the radial direction of the hard plate (the
period p = 5mm), as demonstrated in Fig. 1(d). To leave some space
for conveniently holding the sample in the measurements, the radius
of the hard plate is designed to be larger than that of the AFE lens. The
structural parameters of all the ring elements are the variables to be
optimized, and the optimized results are given in Table L.

All the simulations in the optimization procedure are conducted
with acoustic-solid interaction module in COMSOL Multiphysics.””
The density and sound speed of water in pressure acoustics module
are set to be 998 kg/m3 and 1480 m/s, respectively. The density,
Poisson’s ration, and Young’s modulus of brass in solid mechanics
module are set to be 8960 kg/m3, 0.35, and 110 GPa, respectively. The
impedance ratio of brass (its sound speed is around 4400 m/s) to water
is around 26.7. This large impedance mismatch would inevitably block
the incident wave to pass through the brass plate, as can be observed
from Fig. 2(a), which shows the simulated intensity field for the stiff
plate immersed in water. The incident plane wave is along the x direc-
tion, and then most of the energy is reflected. However, when the brass

TABLE I. The optimized geometric parameters of the AFE lens.

i 1 2 3 4 5 6 7 8 9 10

wip (mm) 15 26 23 14 24 18 28 3 22 39
hiy(mm) 44 71 67 41 14 79 8 46 11 72
wip(mm) 04 16 13 0 0 07 2 0 0 12
hiy(mm) 34 21 17 0 0 33 17 0 0 33
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FIG. 2. Simulations for the plate with and without UFE meta-lens. (a) and (b) Simulated acoustic intensity fields for the bare plate and the plate patterned with the optimized
UFE meta-lens, respectively. The frequency of the incident wave is 207 kHz. (c) The numerically calculated transmitted power as a function of frequency. The purple line and
green line present the results for the plate with and without UFE meta-lens, respectively. (d) Radial profiles of the total displacements for the two structures. The upper panel is
for the bare plate, and the lower panel is for the patterned plate. The color and deformation both denote the magnitude of the displacement.

plate is patterned with the optimized UFE meta-lens, the transmitted
energy will be greatly enhanced and well focused, as shown in Fig. 2(b).
To further explore the enhancing performance of the lens, we
numerically calculate the transmitted energy for the patterned plate at dif-
ferent frequencies. The according spectra of the transmitted power are
presented in Fig. 2(c) in which the purple line and green line represent
the results for the plate with and without UFE meta-lens, respectively.
We can see that the UFE meta-lens can greatly improve the power trans-
mission of the hard plate within a certain frequency range. The incident
frequency for Figs. 2(a) and 2(b) is chosen to be 207 kHz, which is
around the peak in the spectrum of the patterned plate [Fig. 2(c)]. In
addition to the simulated acoustic fields in Figs. 2(a) and 2(b), we also
examine and compare the total displacement fields in the bare plate and
the patterned plate, as shown in Fig. 2(d). The diameter of the incident
plane wave is chosen to be 38 mm to mimic the practical incident source,
so that only the middle part of the structure is vibrating. It can be clearly
seen that the displacement in the middle part of the plate with UFE
meta-lens is much higher than that of the bare plate. Owing to the
acoustic-solid interaction, the intrinsic modes of the plate patterned with
the UFE meta-lens can be excited. The patterned plate has a larger vibrat-
ing displacement, which contributes to enhancing the transmitted sound
energy through the stiff plate. Both the amplitude and phase responses of

Appl. Phys. Lett. 120, 111701 (2022); doi: 10.1063/5.0085462
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the symmetric UFE meta-lens are optimized, so that the transmitted
sound power can be well redistributed to the focusing spot.” *’

Furthermore, we experimentally confirm the effectiveness of the
UFE meta-lens. The uniform plate and the plate with the UFE meta-
lens are fabricated via precision computerised numerical control (CNC)
machining, with the manufacturing error being 0.1 mm. The inset of
Fig. 3(a) is the photo of the brass plate patterned with the UFE meta-
lens, whose material parameters keep consistent with the simulations.
The according experiments are performed in UMS3 scanning tank with
a 3D moving stage. During the measurements, the experimental sample
is immersed in water and is held vertically with a clamp, as depicted in
Fig. 3(a). The incident wave is excited by a tone burst signal with a fre-
quency of 207 kHz, which is generated by the function/waveform gener-
ator (Keysight, Type 33210A) and transfers to the planar transducer
(Precision Acoustics, Type TX_0.5_44). The signal transmitted through
the sample is acquired with a needle hydrophone (Precision Acoustics,
Type NH2000) and is then sent to and recorded by the mixed domain
oscilloscope (Tektronix, Type MDO3014). The whole acoustic fields are
obtained by moving the scanning platform in the specific plane with a
step of 3 mm.

The measured transmitted acoustic intensity fields for the brass
plate without and with UFE meta-lens are shown in Figs. 3(c) and 3(d),

120, 111701-3
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FIG. 3. Experimental setup and measured intensity fields. (a) The experimental
setup in the UMS3 scanning tank. The inset in the yellow box is the photo of the
brass plate patterned with optimized UFE meta-lens. (b) The intensity plots along
the white dashed lines in (c) (yellow line) and (d) (blue line). (c) and (d) The mea-
sured acoustic intensity profiles for the plate without and with UFE meta-lens,
respectively.

respectively. Here, the acoustic fields in the xy plane and xz plane are,
respectively, measured. By comparing these two cases in Figs. 3(c) and
3(d), we can observe an obvious focal spot for the patterned plate with
greatly enhanced intensity. To quantitatively see the transmission
enhancement of the UFE meta-lens, the intensity profiles along the white
dashed lines in Figs. 3(c) and 3(d) are calculated, respectively, as pre-
sented in Fig. 3(b). The intensity for the patterned plate (blue line) is
more than ten times the result for the baseplate (yellow line), which con-
firms the focusing enhancement of the optimized lens.

Very interestingly, even though the optimized UFE meta-lens is
designed to work at a specific frequency, it can practically enhance the
ultrasound focusing within a certain frequency range, as predicted in
Fig. 2(c). Here, we measure the intensity profiles of the patterned plate
at different frequencies. The according results are given in Figs. 4(a)
and 4(b), of which the frequencies of the incident ultrasound wave are
selected to be 200 and 212 kHz, respectively. In these two cases, the
transmitted sound fields still form a clear focal spot. We plot the inten-
sity profiles along the propagation direction, as depicted in Fig. 4(c),
which clearly show the hallmark of acoustic focusing. Also, the inten-
sity profiles along the white dashed lines in these two cases are plotted
in Fig. 4(d). An obvious peak appears at these two frequencies, and the
intensities are slightly lower than that in Fig. 3(b). Actually, within this
frequency range, the total displacement for the patterned plate is
higher than that for the bare plate, which accounts for the fact that the
optimized UFE meta-lens is robust to the incident frequency. This rel-
atively broadband property possesses critical importance in many
practical applications. In addition, the working bandwidth of the AFE
lens is likely to be broadened by changing the shape of the unit cell to
have more freedoms and variables in the optimization.

ARTICLE scitation.org/journal/apl
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FIG. 4. The measured UFE at different frequencies. (a) and (b) The experimental
results for the plate patterned with the UFE meta-lens with the incident frequency
being 200 and 212 kHz, respectively. (c) and (d) The measured intensity profiles
along the green dashed line and white dashed line, respectively. The blue line (solid
line) and the yellow line (circle line) denote the results in (a) and (b), respectively.

In summary, we have proposed an inverse design scheme to fabri-
cate a metamaterial lens that can realize ultrasound focusing and power
transmission enhancement through a stiff plate without any openings,
simultaneously. The UFE meta-lens is optimized by combining the
genetic algorithm with the finite element method, which is numerically
and experimentally demonstrated. This focusing enhancement is
achieved by fully utilizing the acoustic-solid interaction, which is usually
not considered in most of the underwater metamaterial designs.
Moreover, the UFE meta-lens is of simple structures that can be easily
manufactured, with a wide variety of available base materials (preferable
with low internal damping) not limited to brass here, thereby showing
great advantages in practical applications. This inverse design method is
also applicable for the hard plate with any other materials or shapes.
Thus, we envision that this optimization method opens more possibili-
ties to design underwater acoustic devices with colorful functionalities, as
this optimization method can greatly simplify the design procedure.
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