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Preface 1

As the former president of Jiangsu University, it is with immense pride and enthu-
siasm that I introduce this significant contribution to the field of acoustic metamate-
rials. The book, Acoustic Metamaterials—Asymmetric Transmission, Focusing, and
Asymmetric Focusing, represents a remarkable achievement in the ongoing explo-
ration of materials with unique acoustic properties. Over the past two decades, the
field has grown exponentially, offering new possibilities for wave control, energy
focusing, and signal processing. This book stands as a testament to the innova-
tive spirit and technical expertise that drive advancements in modern physics and
engineering.

Our group at Jiangsu University has been at the forefront of research in acoustic
metamaterials, and our work has not only advanced the fundamental understanding
of acoustic wave phenomena but also opened new avenues for practical applications.
Our investigations into asymmetric transmission, acoustic focusing, and asymmetric
focusing have the potential to revolutionize fields such as medical ultrasound, noise
control, architectural acoustics, and acoustic communication. By consolidating our
research in this volume, we provide a comprehensive and detailed overview of the
fundamental principles, design methods, and experimental results that underpin these
exciting developments.

During my tenure at Jiangsu University, [ had the privilege of leading a dedicated
team of scholars who have made significant contributions to the field of acoustic
metamaterials. Our ability to bridge theoretical insights with experimental validation
has been a hallmark of our work, and our commitment to pushing the boundaries of
knowledge is truly commendable. This book reflects our deep understanding of the
subject and desire to share our insights with the broader scientific community.

For students, researchers, and practitioners in acoustics and metamaterials, this
book serves as an invaluable resource. It not only elucidates complex phenomena but
also highlights the practical potential of acoustic metamaterials in addressing real-
world challenges. Our emphasis on asymmetric wave manipulation and focusing is
particularly relevant, as these concepts hold great promise for advancing technologies
in areas such as ultrasonic therapy, sonar detection, acoustic sensing, etc.
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I am confident that this book will become a key reference in the study of acoustic
metamaterials, inspiring further research and innovation in the field. It is with great
admiration that I recommend this work to readers, and I look forward to its impact
on the scientific community and beyond.

Zhenjiang, China Prof. Dr. Shou-Qi Yuan
February 2025



Preface 11

The realm of acoustics has long been a cornerstone of human civilization, enabling
communication, exploration, and the appreciation of the arts. From the harmonious
melodies of music to the clarity of spoken language, and from the precision of
ultrasonic imaging to the reach of sonar detection, acoustic waves permeate and
enrich our modern existence. Yet, traditional materials have offered limited control
over these waves, constraining the potential for innovation in acoustic applications.
The advent of acoustic metamaterials has emerged as a transformative solution,
providing unprecedented manipulation of acoustic waves and heralding a new era in
acoustic technology.

Acoustic metamaterials are artificially structured composites with subwavelength
dimensions, whose acoustic properties are determined not by the intrinsic charac-
teristics of their constituent materials, but by the design of their structural units.
Through meticulous engineering of these units and their configurations, acoustic
metamaterials can precisely control the propagation of sound, transcending the limi-
tations of conventional materials and enabling a variety of novel phenomena and
functionalities.

In recent years, the field of acoustic metamaterials has witnessed remarkable
advancements, yielding a wealth of groundbreaking research. Among these, three
key research areas have attracted significant attention and demonstrated immense
potential for practical applications: acoustic asymmetric transmission, acoustic
focusing, and acoustic asymmetric focusing.

Acoustic asymmetric transmission challenges the conventional reciprocity of
sound propagation in acoustic systems, enabling acoustic waves to travel asymmetri-
cally in opposite directions. This characteristic, akin to an electronic diode, facilitates
acoustic one-way transmission and holds promise for applications in acoustic diodes
and isolators. For instance, leveraging asymmetric transmission can lead to the devel-
opment of efficient, compact acoustic isolators that effectively mitigate reflections
and crosstalk in acoustic systems, thereby enhancing their performance and stability.

Acoustic focusing aims to concentrate sound energy within a specific
region, surpassing the diffraction limits of traditional acoustic lenses and
achieving subwavelength-scale sound manipulation. Conventional acoustic lenses

vii
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are constrained by diffraction limits, which hinder high-resolution acoustic focusing.
Acoustic metamaterials, however, can precisely modulate acoustic wavefronts
through specially designed unit cells, overcoming diffraction limits and enabling
subwavelength focusing of sound. This breakthrough has revolutionized fields such as
high-resolution acoustic imaging and precise acoustic therapy. For example, acoustic
metamaterial lenses can facilitate ultra-high-resolution ultrasonic imaging of human
tissues, providing a more accurate foundation for early disease diagnosis.

Acoustic asymmetric focusing combines the advantages of asymmetric trans-
mission and focusing, enhancing acoustic wave concentration in a particular direc-
tion while suppressing propagation in the opposite direction. This property holds
potential for applications in directional acoustic communication and high-intensity
focused ultrasound therapy. For instance, asymmetric focusing can be utilized
to construct directional acoustic antennas for long-distance, high-fidelity acoustic
communication. It can also address challenges in focused ultrasound therapy, such
as the damaging effects of high-intensity reflected sound waves on transducers
and surrounding healthy tissues, thereby reducing treatment costs and improving
accuracy.

Regarding the research background, with the support of the National Key Research
and Development Program of China under Grant No. 2020YFC1512403, and the
National Natural Science Foundation of China under Grant Nos. 12274183 and
12174159, our group has summarized and organized its work over the past decade on
acoustic asymmetric transmission, acoustic focusing, acoustic asymmetric focusing,
and related applications based on acoustic metamaterials. Mature research findings
have been carefully selected, and the latest advancements in the field have been
incorporated to compile this book. It is intended to serve as a reference for profes-
sionals in physics, acoustics, medical ultrasound, non-destructive testing, and power
mechanical engineering.

The book is organized into ten chapters. Chapter 1, Introduction, provides an
overview of the fundamental concepts, historical development, current research
hotspots, and future trajectories of acoustic metamaterials and their key branches.
Chapter 2, Basic Theory, introduces a series of fundamental principles and methods
for sound manipulation in 2D and 3D spaces based on acoustic metamaterials,
including the interference theory, effective medium theory, finite element method,
generalized Snell’s law, mode conversion theory, and band theory of sonic crystals.
Chapters 3 and 4, Acoustic Asymmetric Transmission, present several AAT systems
designed with underwater plate-like metamaterials and airborne metamaterials, and
discuss their potential applications in architectural acoustics, noise control, and
medical ultrasound in detail. Chapters 5-7, Acoustic Focusing, showcase a series of
AF lenses designed with ring-shaped metamaterials, phase-controlled metamaterials,
and thermoacoustic phase-controlled metamaterials, exploring their applications in
underwater signal detection, medical ultrasound therapy, acoustic communication,
and acoustic energy harvesting. Chapter 8, Acoustic Asymmetric Focusing, demon-
strates a variety of AAF lenses designed with asymmetric modulation metamaterials
and discusses their potential applications in focused ultrasound therapy and medical
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ultrasound imaging. Chapter 9, Three-Dimensional Acoustic Focusing and Asym-
metric Focusing, presents several types of 2D acoustic lenses designed with phase-
controlled metamaterials. These 2D lenses can simultaneously achieve a combination
of focusing and other effects in 3D space, promoting their practical applications in
non-contact manipulation for trapping particles, medical ultrasound imaging and
treatment. Chapter 10, Conclusions, Challenges, and Future Prospects, summa-
rizes key findings in acoustic metamaterials, covering AAT, AF, and AAF systems. It
highlights advancements in sound manipulation, identifies challenges, and outlines
future research directions, including broadband devices, 3D wavefront control, and
machine learning.

During the process of conducting relevant research and writing this book, we
benefited from the guidance and assistance of several respected individuals, including
Prof. Shu-yi Zhang, Prof. Xiao-jun Liu, Prof. Yun Lai, and Prof. Xiaozhou Liu from
Nanjing University; Prof. Baile Zhang from Nanyang Technological University; Prof.
Zhengyou Liu from Wuhan University; Prof. Menglu Qian and Associate Prof. Zheng
Xu from Tongji University; Assistant Prof. Haoran Xue from the Chinese University
of Hong Kong; Prof. Yihao Yang from Zhejiang University; Associate Prof. Yi-jun
Guan, Dr. Ding Jia, and Prof. Qiao-rui Si from Jiangsu University. We are also grateful
for the contributions of Ph.D. student Yin Wang; postgraduate students Jian-ping Xia,
Jiao Qian, and Hong-yu Zou; and undergraduate students Chen Liu, Yu-lei Huang,
Wen-ting Gao, Jia-he Chen, An-ru Hou, Tian-chi Zhang, Jia-1i Yin, and others who
participated in various aspects of this work. We would like to express our deepest
gratitude to all of them.

The author has strived to maintain a serious and rigorous approach in writing this
book. However, we acknowledge that there may still be shortcomings. We warmly
welcome readers’ feedback, criticisms, and corrections. Together, may we contribute
our modest efforts to advancing the field of acoustic metamaterials, particularly in
the areas of asymmetric transmission, focusing, and asymmetric focusing.

Zhenjiang, China Hong-Xiang Sun
Yong Ge
Shou-Qi Yuan
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Chapter 1 ®)
Introduction Check for

1.1 Acoustic Metamaterials

Acoustic wave is a type of common energy and information carrier in nature, and
the realization of sound manipulation has always been widely studied due to its
application prospects in medical ultrasound, information processing, and architec-
tural acoustics, etc. However, the realization of accurate control of sound still poses a
great challenge. In recent years, the emergence and development of acoustic metama-
terials have provided feasibility for achieving sound manipulation with high perfor-
mance [1]. Generally, the acoustic metamaterials consist of periodically arranged
subwavelength artificial structures, and can realize special characteristics that natural
materials do not possess.

By analogizing the equivalent mass density (p) and the reciprocal bulk modulus (1/
k) of acoustic materials with the dielectric constant (¢) and the magnetic permeability
(u) of electromagnetic materials [2], respectively, a theoretical basis is established
for designing various acoustic metamaterials with negative equivalent parameters. In
2000, Liu et al. proposed a type of acoustic metamaterial based on a localized resonant
sonic crystal (SC) with a cubic lattice [3]. As shown in Fig. 1.1a, a basic unit cell
of the SC consists of a shot wrapped in a layer of silicone rubber material, which is
then embedded in a cubic epoxy resin matrix. The SC is achieved by periodically
arranging the basic unit cells (Fig. 1.1b) and exhibits a localized resonance mode,
resulting in a bandgap in the low-frequency region. The frequency of this bandgap
is much lower than that of Bragg scattering SCs (Fig. 1.1c) and appears as a trough
in the pressure amplitude spectrum (Fig. 1.1d). To better understand the bandgap of
the SC, the basic unit cell can be modeled as a spring-damped resonant system [4],
where the outer layer of silicone rubber material is simplified as a spring connecting
the matrix and the shot (Fig. 1.1e). When an external excitation (F) is applied to the
matrix within the bandgap, the motion of both the matrix and the shot becomes out of
phase. According to Newton’s second law, the ratio of F to the system’s acceleration

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 1
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Fig. 1.1 Photographs of a a basic unit cell and b a type of localized resonant SC. ¢ Calculated
band structure of the SC. d Calculated and measured transmission spectra of the SC. e Schematic
of a spring-damped resonant system for the basic unit cell

(a) changes, indicating a change in the equivalent mass density (pef). Notably, when
the directions of F and a are opposite, the real part of p.s becomes negative.

In addition to the development of acoustic metamaterials with negative mass
density [3-7], those with negative elastic modulus have also been designed subse-
quently [8, 9]. As shown in Fig. 1.2a, b, Fang et al. designed a one-dimensional
(1D) array of Helmholtz resonators filled with fluid [8]. When an acoustic wave is
incident on the structure, the acoustic pressure inside the channel changes, causing
the fluid in the resonant cavities to oscillate back and forth, leading to expansion and
compression. It is noteworthy that when the frequency of the acoustic wave sweeps
through the resonance frequency of the structure (33 kHz in Fig. 1.2c), the process
of fluid expansion and compression inside the structure is in opposite phase with the
incident wave, indicating a negative bulk elastic modulus response.

Furthermore, by coupling negative equivalent mass density and elastic modulus,
double-negative metamaterials at specific frequencies can be achieved. In 2004, Li
et al. designed a type of Mie-resonance structure made of silicone rubber material
in water [10], where the sound velocity of the resonator is much lower than that of
water. The results show that the resonator can achieve double-negative equivalent
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Fig. 1.2 a Schematic of a Helmholtz resonator and b a 1D array of Helmholtz resonators. ¢ Real
and imaginary parts of the bulk elastic modulus spectrum

parameters, which are closely related to its low-frequency resonance modes. Specif-
ically, the negative bulk elastic modulus is determined by the monopole mode of the
resonator, while the negative mass density is related to the dipole mode. At a certain
frequency, both monopole and dipole modes exist simultaneously, and the resonator
can be equivalent to a double-negative equivalent parameter material, meaning both
the equivalent elastic modulus and mass density are negative, thereby realizing an
acoustic negative refractive index material.

In experimental studies, Fok et al. observed negative refraction of sound in an
acoustic system composed of a Helmholtz resonator with a monopole resonance
mode and a spring resonator with a dipole resonance mode [11]. In 2015, Cheng
et al. designed a type of Mie resonator with low equivalent sound velocity and high
refractive index based on a coiling-up space structure [12]. The sample photograph
and cross-section are shown in Fig. 1.3a, b, respectively. As a type of double-negative
metamaterial, there are two frequency bands for both negative equivalent parame-
ters: one corresponding to the negative bulk modulus caused by the monopole Mie
resonant mode (the light blue region in Fig. 1.3c), and the other corresponding to the
negative mass density supported by the dipole Mie resonance (the light blue region
in Fig. 1.3d).

Another milestone in acoustic metamaterials is the development of coiling-up
space structures [13—16]. In 2012, Liang et al. designed an acoustic metamaterial
with a high refractive index and near-zero mass density, referred to as a coiling-up
space structure [13]. As shown in Fig. 1.4a, the acoustic wave propagates along a
narrow zigzag path within the structure, resulting in a total propagation distance
much longer than the physical size of the structure. This enables the manipulation of
the refractive index and phase delay of sound. By tuning the length of the zigzag path,
the phase and group velocities of the coiling-up space structure can be modulated,
altering the equivalent refractive index and dispersion relationship. Consequently,
various sound effects, such as negative refraction and tunneling, can be achieved.
As shown in Fig. 1.4b, by stacking coiling-up space structures in a triangular shape,
an acoustic prism with negative mass density and negative bulk modulus can be
realized. When an acoustic wave is incident from the bottom side of the prism,
the sound energy can transmit horizontally through the oblique edge of the prism,
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Fig. 1.3 a Photograph of the sample and b schematic of the cross-section of a Mie resonator.
Measured and simulated ¢ bulk modulus and d mass density spectra of the Mie resonator

demonstrating negative refraction. Additionally, by tuning the path length of the
coiling-up space structure, the equivalent mass density of the structure approaches
zero in the low-frequency region, enabling tunneling effects. Furthermore, as shown
in Fig. 1.4c, when an acoustic wave is incident from the left side of a waveguide, the
sound energy is severely scattered by a wall. However, by surrounding the wall with
a density-near-zero metamaterial, the incident acoustic wave can enter the narrow
channel of the coiling-up space structure and transmit through the wall with high
efficiency and a constant waveform.

Later, the coiling-up space structure was widely used in the design of metamate-
rials and metasurfaces [17-25]. By tuning the propagation distance within the unit
cell, a phase delay of sound across the full 2r range can be achieved. Based on the
generalized Snell’s law [26], acoustic metasurfaces (AMs) composed of a series of
phased unit cells with different parameters can be designed to achieve precise sound
manipulation, enabling various effects such as focusing [17, 18, 20, 21, 24, 27-29],
self-bending beams [30-33], and invisibility [34-36].

Despite the rapid development of acoustic metamaterials in recent years, most
works have focused on linear, passive, and static structures. To further broaden
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zero metamaterial

their applicability, active acoustic metamaterials composed of piezoelectric mate-
rials, speakers, fans, and other components have been designed [37-44]. Compared
to passive acoustic metamaterials, active ones offer advantages such as reconfigura-
bility, real-time control, and sound energy gain.

In 2014, Fleury et al. achieved non-reciprocal sound transmission by introducing
a rotating airflow in a three-port acoustic circulator [38]. Figure 1.5a schematically
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Fig. 1.5 aPhotograph of a three-port acoustic circulator. The top inset shows the circulator without
the cover. b Measured transmission spectra at ports 2 and 3 with the incident wave at port 1

shows the circulator structure, in which three actively controlled fans with rotational
symmetry are installed in the annular channel. When the fans are turned off, two
degenerate resonant modes with opposite propagation directions exist in the circu-
lator. When the fans are turned on, a rotating airflow is introduced, causing a split in
the resonant frequency. In this case, when an acoustic wave is incident from port 1,
the two modes interfere destructively at port 2 and constructively at port 3, resulting
in most of the sound energy being emitted from port 3 (Fig. 1.5 b). Conversely,
when the acoustic wave is incident from port 3, most of the energy is emitted from
port 2, with almost no transmission at port 1. Thus, the designed acoustic circulator
with rotating airflow breaks the inherent reciprocity of sound propagation in natural
materials, achieving non-reciprocal sound transmission.

In addition to rotating airflow, acoustic amplification circuits have been used
to design metamaterial structures [45-52]. Zhang et al. utilized an acoustic unidi-
rectional amplifier to achieve non-reciprocal coupling between two resonant cavi-
ties [45]. As shown in Fig. 1.6a, two identical acoustic resonators (labeled “1” and
“2”) are connected by two waveguides, providing reciprocal coupling between the
resonators. To introduce non-reciprocal coupling, an acoustic amplification circuit,
including an acoustic unidirectional amplifier, a loudspeaker, and a microphone,
is externally connected to the two resonant cavities. When an acoustic wave is
incident from resonator 1, the forward transmitted pressure spectrum sl can be
detected in resonator 2. Similarly, the pressure spectrum lsy;| can be obtained in
resonator 1 when the acoustic wave is incident from resonator 2. Figure 1.6b shows
the experimentally measured and theoretically fitted results of Is;,| and Isy;| for the
acoustic system without and with the amplifier, respectively. Without the amplifier,
both spectra Isi,| and Is, | are nearly identical, with two resonance peaks due to recip-
rocal coupling. However, when the unidirectional amplifier is introduced, ls12| > Is511,
and the maximum Is,| exceeds 1, with resonance frequencies differing from those
without the amplifier, demonstrating non-reciprocal coupling.
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Fig. 1.6 aPhotograph of two acoustic resonators connected by a pair of cross-linked narrow waveg-
uides and a unidirectional amplifier. b Measured and fitted transmission spectra of acoustic systems
without and with the unidirectional amplifier

1.2 Acoustic Metasurfaces

AMs are characterized by their planar structure, subwavelength thickness, and high-
performance sound manipulation capabilities [53-59], falling within the scope of
acoustic metamaterials. Generally, AMs are composed of a series of ultrathin unit
cells. By tuning structural parameters of these unit cells, a phase delay of sound
across the full 2z range can be achieved. This allows for arbitrary shaping of acoustic
wavefronts under the theoretical framework of the generalized Snell’s law. Based
on this characteristic, AMs can be applied to the design of various phased control
devices with exotic phenomena, including arbitrary sound reflection and transmis-
sion, focusing, invisibility, and absorption. These applications have broad prospects
in fields such as medical ultrasound, architectural acoustics, nondestructive testing,
and noise reduction, and they also provide new pathways for the development of
acoustic materials and technologies. In recent years, with the rapid development of
AMs, a variety of metasurface structures with diverse functions have been proposed,
constructed using different types of unit cells, including coiling-up space structures
[18-25, 60-63], Helmholtz resonators [31, 64—67], and groove structures [68—70],
among others.

AMs based on coiling-up space structures with subwavelength dimensions force
acoustic waves to propagate along curled channels (zigzags, labyrinths, and spirals),
which are significantly longer than the actual physical dimension of the structure.
The extended propagation distance enables the manipulation of reflected waves and
allows the reflected phase delay to be tailored across the full 2r range. As shown
in Fig. 1.7a, a reflection-type unit cell consists of a zigzag structure with a sound-
hard boundary on the left side [18, 20]. By adjusting the width of the unit cell,
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Fig. 1.7 Schematic of three types of metasurface unit cells composed of a the zigzag structure,
b labyrinthine structure, and ¢ V-shaped structure. d—f Simulated pressure distributions caused by
the unit cells with different structural parameters in (a—c), demonstrating phase delays of sound
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the propagation distance of sound can be precisely controlled, achieving a reflected
phase delay across the full 2z range for unit cells of the same thickness (Fig. 1.7d).
In addition to reflection-type unit cells, transmission-type metasurface unit cells
can also be designed using other coiled structures without sound-hard boundaries,
such as labyrinthine [19] and V-shaped structures [71] (Fig. 1.7b, c). By tuning the
coiled length of the labyrinthine structure and the number of V-shaped structures, the
transmitted phase delay of sound can be adjusted across the 2x range, as shown in
Fig. 1.7e, f, respectively. However, these coiling-up space structures must be carefully
designed to minimize viscous loss and ensure optimal impedance matching.

Coiled AMs can also be used to design low-frequency, ultrathin, near-perfect
sound absorbers [72-76]. As shown in Fig. 1.8a, b, both metasurface unit cells
consist of a centered perforated plate and a spiral coplanar air chamber [72, 73].
Sound energy is absorbed into the spiral chamber due to the resonant states of the
structure and near-perfect impedance matching with the external air. The absorbed
sound energy propagates through the coiled channel, increasing the total propagation
distance of the sound, which results in low velocity and a high refractive index. This
phenomenon promotes the dissipation of sound energy through conversion into heat,
as shown in Fig. 1.8c, d. Importantly, the total thicknesses of both metasurfaces are
as small as /50 and /223, respectively.

To simultaneously achieve a high refractive index and high transmission,
a transmission-type metasurface unit cell can be constructed using Helmholtz
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Fig. 1.8 a, b Schematic of two types of metasurface unit cells composed of a centred perforated
plate and a spiral coplanar air chamber. ¢ Simulated absorption coefficients caused by the unit cells
with different values of panel porosity and tube radius in (a). d Simulated absorption spectra caused
by the unit cells with different values of d in (b)

resonators for flexible phase control and a straight channel to introduce hybrid reso-
nances that compensate for impedance mismatch. The corresponding metasurface
unit cells (Fig. 1.9a—c) can achieve tunable phase velocity and near-perfect trans-
mission efficiency [31, 64, 65]. Additionally, the subwavelength width of the unit
cell enables fine spatial resolution of phase distributions. Similar to coiling-up space
structures, by simultaneously tuning the heights of the Helmholtz resonators and the
straight channel, the metasurface unit cells can achieve phase delays across the full
2n range and maintain high transmission, as shown in Fig. 1.9d—f, respectively. These
metasurface unit cells can be used to design acoustic lenses with functionalities such
as focusing, asymmetric focusing, and vortex generation.

Given the resonant characteristics of coiling-up space structures and Helmholtz
resonators, these unit cells inherently have a limited working bandwidth. This limi-
tation can be overcome by using 1D and two-dimensional (2D) reflection-type meta-
surfaces composed of grooves with subwavelength widths [77-79], as shown in
Fig. 1.10a—. The reflected phase delays caused by grooves of different depths
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Fig. 1.9 Schematic of three types of metasurface unit cells composed of a a single layer of
Helmholtz resonators with a straight channel, b three layers of Helmholtz resonators with two chan-
nels, and ¢ two layers of Helmholtz resonators with a central channel. d—f The phase delays and
transmission coefficients caused by the metasurface unit cells with different structural parameters
in (a—c)

can cover the full 2w range, enabling arbitrary control of reflected acoustic wave-
fronts and the realization of sound effects without significant bandwidth limitations
(Fig. 1.10d-1).

In addition to groove structures, the design of metasurface unit cells by filling
them with gases of different volume ratios or air at different temperatures can also
effectively overcome bandwidth limitations [80-82]. This is because the gas inside
the unit cells can achieve near-perfect impedance matching with the external air.
As shown in Fig. 1.11a, by filling the unit cells with two types of gases (argon and
xenon) at different volume ratios [80], the phase delay of sound can cover the full 2n

Fig. 1.10 Schematic of a a 1D reflection-type metasurface composed of grooves with periodic
depth, b an Archimedean spiral-shaped grating engraved on a back surface, and ¢ a 2D metasurface-
based Schroeder diffuser. Measured and simulated field distributions of d abnormal sound refraction,
e spiral sound beam, and f scattered acoustic wave caused by the metasurfaces in (a—c)
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Fig. 1.11 a Schematic of metasurface unit cells filled with two types of gases (argon and xenon) at
different volume ratios, and b simulated phase delays and transmittances caused by different unit
cells. ¢ Schematic of a reflection-type unit cell filled with air at different temperatures, and d the
corresponding phase delays caused by the unit cells at different temperatures

range, and high transmission can be achieved, as shown in Fig. 1.11b. Additionally,
as shown in Fig. 1.11c, a reflection-type unit cell filled with air [82] can achieve
reflected phase delays across the 2w range by tuning the air temperature (Fig. 1.11d).
Both types of metasurface unit cells exhibit broadband characteristics.

Finally, to realize a no-reflection surface, an impedance-matched metasurface
with hybrid resonances can be designed. When an acoustically reflecting surface is
impedance-matched to incident waves, no sound reflection is generated, and sound
transmission is also prevented. As shown in Fig. 1.12a, the impedance-matched
metasurface unit cell consists of a decorated membrane, sealed gas, and a reflecting
hard surface [83]. The decorated membrane exhibits two resonant modes (Fig. 1.12b),
which hybridize due to the presence of the sealed gas and the reflecting sound surface.
The impedance-matched metasurface, with its deep subwavelength thickness, can
achieve near-perfect low-frequency sound absorption (Fig. 1.12c).
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Fig. 1.12 a Schematic of an impedance-matched metasurface, and b the two lowest-frequency
eigenmodes of a decorated membrane. ¢ Measured absorption coefficient as a function of frequency

1.3 Acoustic One-Way Transmission

In nature, sound propagation follows the reciprocity law, meaning that acoustic waves
can symmetrically propagate through a medium in two opposite directions. In recent
years, there has been growing interest in achieving non-reciprocity in sound prop-
agation due to the increasing demand for various acoustic non-reciprocal devices,
such as acoustic diodes, acoustic circulators, and acoustic rectifiers. The rapid devel-
opment of acoustic metamaterials has made it feasible to achieve acoustic one-way
transmission (AOT).

First, the symmetry of time reversal can be broken using nonlinear media [84—87].
For example, by combining a nonlinear medium (such as a microbubble suspension)
and a 1D SC (Fig. 1.13a), an acoustic diode with one-way transmission of sound
can be achieved by breaking the time reversal symmetry [84, 85]. In this system,
when an acoustic wave with frequency w is incident from the nonlinear medium, the
frequency of the second harmonic generated by the nonlinear effect becomes 2,
which falls within the pass band of the SC. As a result, the sound can pass through
the acoustic diode. In this case, the acoustic diode is conductive, and its conduc-
tivity increases gradually with the sound intensity. However, when the acoustic wave
with the same frequency propagates in the opposite direction, the sound energy is
completely reflected by the SC due to the bandgap, preventing it from passing through
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Fig. 1.13 a Schematic of an acoustic diode composed of a nonlinear medium and a SC, and
b measured rectifying ratio spectra. ¢ Schematic of a granular crystal composed of a statically
compressed array of particles with a light mass defect, and d its power spectral density spectra.
e Schematic of an acoustic diode consisting of two types of linear structures and a nonlinear SC,
and f its output power versus driving force

the acoustic diode. The rectifying ratio of this system can reach approximately 10*
(Fig. 1.13b).

Similarly, a granular crystal composed of a statically compressed array of parti-
cles with a light mass defect near a boundary (Fig. 1.13c), and an acoustic diode
consisting of two types of linear structures and a nonlinear SC (Fig. 1.13e) can also
be used to achieve AOT [86, 87]. These systems exhibit obvious AOT character-
istics (Fig. 1.13d) and share several similarities with electrical diodes (Fig. 1.13f).
However, the sound transmission efficiency of these systems is relatively low due to
the conversion efficiency of the nonlinear media.

Second, as shown in Fig. 1.14a, by designing a non-reciprocal active unit cell
composed of a single piezoelectric membrane augmented by a nonlinear electronic
circuit and sandwiched between two highly subwavelength Helmholtz cavities with
different resonance frequencies [88], AOT can be achieved (Fig. 1.14b). In this
system, the piezoelectric membrane excites a strong second harmonic, and the
two Helmholtz cavities with different frequencies create the asymmetry necessary
for non-reciprocal behavior. Inspired by this mechanism, a type of AOT system
consisting of a nonlinear medium, acoustic gain, and lossy materials (Fig. 1.14c) has
been realized [89]. Based on the nonlinear medium’s characteristic of responding
nonlinearly to input sound signals with different amplitudes, the designed system
can achieve AOT with an invariant frequency identical to that of the incident wave
(Fig. 1.14d).

In electronic systems, the symmetry of time reversal can be broken using magnetic
fields. However, this mechanism cannot be applied to acoustics because sound is
magnetically inert. To overcome this, circulating airflow and active circuits have
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Fig. 1.14 a Schematic of an acoustic non-reciprocal system composed of an active unit cell and
two Helmholtz cavities, b and its transmitted amplitude spectra. ¢ Schematic of an acoustic non-
reciprocal system consisting of a nonlinear medium and acoustic gain and lossy materials, d and
its transmission spectra

been introduced into acoustic systems to create an analogous magnetic field for
sound, which can break time-reversal symmetry. As shown in Fig. 1.15a, a biased
circulator is composed of a subwavelength resonant ring cavity and three fans [38].
When the fans are turned on, a circulating airflow is generated in the ring cavity,
and the resonant frequency @ splits into two frequencies w., analogous to the
Zeeman effect caused by a magnetic field. This analogous magnetic field can direct
sound propagation to one of the output ports (Fig. 1.15¢), achieving the AOT effect.
Additionally, similar to the resonant cavity, time-reversal symmetry can be broken by
introducing circulating airflow around each unit cell of the SCs [90-92]. As shown in
Fig. 1.15b, when circulating airflow is introduced into a hexagonal-lattice SC [90],
edge states with AOT localized on its boundary can be obtained (Fig. 1.15f). This
phenomenon can also be realized in honeycomb-lattice SCs [91, 92] with circulating
airflow (Fig. 1.15c¢, d), and the propagation of edge states is shown in Fig. 1.15g, h.

However, in experiments, non-synchronous rotation and flow instabilities of the
circulating airflow can significantly affect the performance of AOT, posing a major
challenge. To address this, a rotating chiral structure composed of ring resonators and
chiral-structured fins with rotational symmetry has been developed [43], as shown in
Fig. 1.16a. A sample photograph of this structure is shown in Fig. 1.16b. This system
generates a stable and uniform airflow even at low rotation speeds of the fins. When
an acoustic wave is incident from port P,, the transmission coefficients at port Py, are
larger than those at port P, at different frequencies (Fig. 1.16c), demonstrating the
AOT effect.
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Fig. 1.15 a Schematic of a biased circulator composed of a subwavelength resonant ring cavity
and three fans. Schematic of b a hexagonal-lattice SC and ¢, d two types of honeycomb-lattice SCs
with circulating airflow. e Simulated field distribution of AOT caused by the biased circulator in (a),
and f-h simulated field distributions of edge states with the AOT propagating along the boundaries
of the SCs in (b-d), respectively
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Fig. 1.16 a Schematic of a rotating chiral structure composed of a ring resonator and a chiral-
structured fin, and b its sample photograph. ¢ Measured transmission spectra at output ports Py,
and P, of the rotating chiral structure in (b). d Schematic of the tight-binding model of an acoustic
circulator, and e its sample photograph. f Measured transmission spectra at two output ports of the
acoustic circulator

In addition to circulating airflow, asymmetric Peierls phases caused by active
circuits also provide a means to achieve AOT [52]. Inspired by non-Hermitian acous-
tics, an acoustic circulator composed of three resonant cavities and six unidirec-
tional amplifiers has been designed to achieve AOT. The tight-binding model and a
sample photograph of this circulator are shown in Fig. 1.16d, e, respectively. The
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Peierls phases are defined as the phases of couplings between each site (¢; and ¢, in
Fig. 1.16d). Figure 1.16f shows the measured transmission spectra at different output
ports, demonstrating the AOT characteristics of the acoustic circulator. This work
also provides a method for designing compact, integratable devices with one-way
sound transmission.

1.4 Acoustic Asymmetric Transmission

Over the past decade, the realization of acoustic asymmetric transmission (AAT) has
attracted significant attention due to its wide range of potential applications. The
AAT effect, caused by asymmetric linear structures, can be observed along specific
propagation paths. Unlike AOT, AAT does not violate the classical reciprocity prin-
ciple. AAT systems can significantly improve the conductivity of sound energy and
expand the working bandwidth, effectively enhancing the practical applicability of
AOT systems [93]. As a result, a series of theoretical and experimental studies on
AAT effects based on various asymmetric linear systems have been conducted.

First, by using the intrinsic characteristics of SCs, such as the directionality
of bandgaps and asymmetric mode conversion, a variety of AAT systems can be
designed [94-99]. As shown in Fig. 1.17a, an AAT system composed of a SC and
a diffraction structure [94] exhibits asymmetric sound transmission in two working
bands (Fig. 1.17d). This phenomenon occurs because when a plane acoustic wave
with frequency w is vertically incident from the SC, the sound energy is largely
reflected due to the SC’s bandgap. However, when the acoustic wave propagates in the
opposite direction, the sound energy can partially pass through the AAT system. This
is because the sound energy is converted into high-order diffractions by the diffraction
structure, and some of these high-order diffractions are not constrained by the SC’s
bandgap, allowing the sound to transmit through the system. Additionally, as shown
in Fig. 1.17b, c, by designing a 1D SC plate with anti-symmetric and symmetric
meta-atoms [95] and a directional acoustic waveguide with a built-in SC [96],
high-performance AAT effects can be achieved. These effects are based on asym-
metric mode conversion and directional bandgaps, as demonstrated in Fig. 1.17e, f,
respectively.

Second, the AAT effect can also be achieved by exploiting the unique character-
istics of acoustic metamaterials [100-109]. As shown in Fig. 1.18a, an asymmetric
steel grating structure [100] achieves the AAT effect through different slit periods
on the two surfaces of the grating. The working band of this system can be easily
determined by the grating periods (Fig. 1.18d). Furthermore, as shown in Fig. 1.18b,
an AAT prism composed of coiling-up space unit cells with near-zero refractive
index [14] allows energy transmission only for sound waves incident normally on
the prism’s surface due to the inherent tunneling effect. When a plane acoustic wave
is incident from the left inclined surface of the prism, the sound energy cannot pass
through. However, when the wave is incident from the right side, it can transmit
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Fig. 1.17 Schematic of a an AAT system composed of a SC and a diffraction structure, b a 1D
SC with symmetric and anti-symmetric meta-atoms, and ¢ a directional acoustic waveguide with
a built-in SC. d—f Measured and simulated transmission spectra for both incident directions of the
AAT systems in (a—c)

through the prism due to its vertical incidence on the surface (Fig. 1.18e). Addition-
ally, the propagation path of sound can be controlled using a metamaterial with a
refractive index gradient [105], enabling high-performance AAT (Fig. 1.18c, ).

To further improve the bandwidth of AAT systems, it is necessary to achieve
asymmetric distributions of refractive index gradients within a single medium. This
approach effectively overcomes the large impedance difference between the lens
material and the surrounding medium. As shown in Fig. 1.19a, by arranging six

O-order ) i
“loorder \NN {1} 7/ 1-order Scattered

) r-TmT-1 -

Positive
Negative

rIT”IITI1 .

1} 0-order

Ny —
Graded refractive index ¢

=
[

Power flux

Transmission

0.3 0.4
Frequency (MHz)

Fig. 1.18 Schematic of a an asymmetric steel grating structure, b an AAT prism composed of
coiling-up space unit cells with near-zero refractive index, and ¢ a metamaterial with refractive
index gradient. d—f Simulated and measured intensity distributions caused by the AAT structures
in (a—c)
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heat sources at different temperatures in an asymmetric array [110], asymmetric
distributions of temperature and refractive index gradients in air can be achieved
simultaneously (Fig. 1.19b). The AAT effect exists above 2.5 kHz, with a contrast
ratio greater than 0.9 above 5.0 kHz (Fig. 1.19¢, d), demonstrating the broadband
characteristics of this thermoacoustic AAT system.

Finally, by using the phase control capabilities of AMs, AAT systems with
subwavelength thickness and planar structures can be realized [111-123]. As shown
in Fig. 1.20a, an AAT tunnel can be designed using two pairs of AMs attached to both
sides of a waveguide [111]. The propagation path of sound can be controlled based
on the generalized Snell’s law, enabling the AAT effect (Fig. 1.20d). Moreover, a
dual-layer AAT lens composed of a near-zero index structure and a metasurface [16]
achieves the AAT effect by manipulating sound waves through the AMs and lever-
aging the directional selectivity of the near-zero refractive index material (Fig. 1.20b,
e). Furthermore, by carefully tailoring losses, a robust and tunable AAT effect can be
achieved using gradient-index AMs [115], as shown in Fig. 1.20c, f. Theoretically,
the AAT effect arises from the loss-induced suppression of high-order diffraction,
which expands the potential applications of lossy AMs.
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Fig. 1.19 Schematic of a a thermoacoustic AAT system composed of six heat sources at different
temperatures. b Simulated distributions of temperature and refractive index gradients caused by the
system. Simulated ¢ transmission spectra and d contrast ratio for the thermoacoustic AAT system



1.5 Acoustic Focusing 19

i

|

x(em) d

Fig. 1.20 Schematic of a an AAT tunnel with two groups of AMs attached on both sides, b a dual-
layer AAT lens composed of near-zero index structure and metasurface, and ¢ a gradient-index AM
with a rotation angle of 6. d—f Simulated field distributions through the AAT systems with the AMs
in (a—c¢)

1.5 Acoustic Focusing

Acoustic focusing (AF) has long been a hot topic due to its practical applications
in several important fields [124-133], such as biomedical imaging, nondestructive
testing, and ultrasonic medical treatment. Traditionally, AF lenses made of natural
materials have been characterized by their large size and curved shape, which limit
their practical applications. However, the emergence of acoustic metamaterials with
unique sound properties has effectively overcome these limitations, enabling the
design of various high-performance AF lenses.

The first type of AF lens is achieved using SCs [134—143]. In this approach, a
negative refractive index for sound can be realized by carefully selecting the param-
eters of the SCs in the direction transverse to the sound propagation, as illustrated in
Fig. 1.21. By gradually tuning the refractive index gradient of the SC [135], sound
propagation can be effectively manipulated, resulting in high-performance AF effects
(Fig. 1.21a, d). Additionally, as shown in Fig. 1.21b, c, high-performance AF lenses
can also be achieved by designing SCs with lattice spacing and radius gradients [138,
139], as demonstrated in Fig. 1.21e, f. However, in the low-frequency region, the size
of AF lenses composed of SCs tends to be large, as the lattice constant of the SC is
comparable to or larger than the wavelength.

Another type of AF lens is constructed using acoustic metamaterials [144—149].
In this case, the unit cells typically have a higher refractive index and a smaller
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Fig. 1.21 Schematic of three types of AF lenses composed of SCs with a refractive index, b lattice
spacing, and c radius gradients. d—f Simulated acoustic intensity distributions caused by the AF
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size, effectively overcoming the limitations of SC-based AF lenses. As shown in
Fig. 1.22a—c, the unit cells are designed as cross structures [144], coiled-up spaces
[17], and Hilbert fractal structures [145], respectively. By designing AF lenses
composed of a series of unit cells with a specific size gradient, a refractive index
gradient for sound can be achieved, resulting in AF lenses with high efficiency and
subwavelength thickness, as shown in Fig. 1.22d-f.

As a special case of acoustic metamaterials, AMs also show great potential in
advanced AF lenses due to their subwavelength thickness and planar structure [54].
Based on the generalized Snell’s law [26], several types of metasurface-based AF
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Fig. 1.22 Schematic of three types of unit cells composed of a coiled-up space, b cross struc-
ture, and ¢ Hilbert fractal structure. d—f Simulated intensity distributions caused by the AF lenses

composed of the unit cells in (a—c)
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Fig. 1.23 Schematic of four types of metasurface-based unit cells composed of a coiled-up space,
b Helmholtz resonant cavities, ¢ labyrinthine structures, and d V-shaped meta-atoms. e-h Simulated
acoustic intensity distributions caused by the AF lenses composed of the phased unit cells in (a—d)

lenses have been demonstrated [18, 20, 21, 24, 27-29, 71, 150-152]. As shown in
Fig. 1.23a, by tuning the parameters of the unit cell consisting of coiled-up space [20],
eight types of phased unit cells with the same thickness and an equally spaced phase
delay from O to 2x are realized. A reflected AF lens can then be designed using these
eight types of phased unit cells (Fig. 1.23e). Moreover, phased unit cells composed
of Helmholtz resonant cavities [150], labyrinthine structures [21], and V-shaped
meta-atoms [71] have also been proposed for designing AF lenses (Fig. 1.23b-d).
High-performance AF effects can be achieved using these metasurface-based lenses,
as shown in Fig. 1.23f-h.

The aforementioned lenses have achieved highly efficient sound focusing.
However, their working bands are narrow, often limited to a single frequency. This
limitation arises from the complexity of the refractive index gradient of the lens
and the large impedance difference between the lens material and the surrounding
medium. To achieve broadband AF lenses, it is generally necessary to realize the
refractive index gradient in a single medium. To address this, researchers have used
two heat sources and a curved thermal insulation interface [153] to control sound
propagation through temperature gradients (Fig. 1.24a, b). This approach results
in a working bandwidth exceeding 15 kHz (Fig. 1.24c). Additionally, by placing
20 heat sources of different temperatures in a symmetrical array [154], an AF lens
can be designed without the need for a thermal insulation interface (Fig. 1.24d, e).
The working bandwidth of the AF effect caused by the temperature gradient exceeds
3.5kHz (Fig. 1.24f). These designs demonstrate the feasibility of realizing broadband
acoustic lenses in a single medium.

In addition to 2D AF effects, the realization of AF in three-dimensional (3D)
space has attracted significant attention due to its practical applications and value
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[155-158]. As shown in Fig. 1.25a, by designing a 2D ultrathin planar acoustic lens
composed of hybrid labyrinthine unit cells [155], the AF effect in 3D space can
be observed. The sound energy at the focus can be enhanced by up to 15 dB, and
the lens thickness is only about 1/6 of the wavelength (Fig. 1.25¢). Furthermore, by
simply using two types of test tubes with and without lids (Fig. 1.25b), a 2D reflected
AF lens with binary phases can be designed [157]. The reflected intensity distribu-
tions at 2500, 3500, and 4000 Hz demonstrate broadband AF with high efficiency
(Fig. 1.25d). The measured results agree well with the simulated results, showcasing
a maximally simplified configuration and strong robustness of the AF effect in 3D
space.

1.6 Overview of Main Research in This Book

In the aforementioned works, we observe that the rapid development of AOT, AAT,
and AF based on acoustic metamaterials has been achieved over the past two decades.
During this time, a series of physical mechanisms and design methods have been



1.6 Overview of Main Research in This Book 23

2500 Hz 3500 Hz 4000 Hz

|\{
o L l
| B
» - 0 0
A . .
C’?j -1 "1 :{\“\\ ¢ pore d

Fig. 1.25 Schematic of two types of 2D AF lenses composed of a hybrid labyrinthine unit cells
and b two types of test tubes with/without lids. ¢, d Simulated and measured acoustic intensity
distributions caused by both types of AF lenses in (a, b)

z(m)

successively developed. However, in some specific application scenarios, the existing
mechanisms, performance optimization, and modulation of AAT and AF based
on acoustic metamaterials still require in-depth study. Additionally, the design of
multifunctional acoustic effects with special applications, based on the coupling
of multiple mechanisms, remains a challenge. For example, the effect of acoustic
asymmetric focusing (AAF), which is based on the coupling of both AAT and AF
effects, holds great promise for applications in medical focused ultrasound therapy.
Furthermore, most of these metamaterial systems are 1D structures that achieve
corresponding sound effects in 2D space, leading to significant limitations in prac-
tical applications. The design of 2D metamaterial systems to achieve sound effects
in 3D space still faces considerable challenges.

In this book, based on the research foundation in acoustic metamaterials estab-
lished by our group, we conduct theoretical and experimental studies on the physical
mechanisms and performance modulation of acoustic metamaterials with asymmetric
transmission and focusing effects. Our aim is to develop design methods, prepara-
tion techniques, and performance modulation strategies for high-performance AAT,
AF, and AAF structures. We also explore their practical applications in medical
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ultrasound, underwater detection, acoustic communication, architectural acoustics,
and noise reduction. The achievements of this research not only hold fundamental
academic significance in the field of acoustic metamaterials but also have the potential
for application in various important fields, offering substantial economic value.

The main content of this book is organized as follows: this chapter introduces the
fundamental concepts, historical development, current research hotspots, and future
trajectories of acoustic metamaterials and their key branches. Chapter 2 presents a
series of fundamental principles and methods for sound manipulation in 2D and 3D
spaces based on acoustic metamaterials, including the interference theory, effective
medium (EM) theory, finite element (FE) method, generalized Snell’s law, mode
conversion theory, and band theory of SCs. Chapters 3 and 4 discuss several types
of AAT systems designed using underwater plate-like metamaterials and airborne
metamaterials. The potential applications of these systems in architectural acoustics,
noise control, and medical ultrasound are explored in detail. Chapters 5—7 showcase
a series of AF lenses designed using ring-shaped metamaterials, phase-controlled
metamaterials, and thermoacoustic phase-controlled metamaterials. The applica-
tions of these AF lenses in underwater signal detection, medical ultrasound treat-
ment, acoustic communication, and acoustic energy harvesting are also investigated.
Chapter 8 presents five types of AAF lenses designed using asymmetric modula-
tion metamaterials. These lenses have practical applications in focused ultrasound
therapy and medical ultrasound imaging. Chapter 9 demonstrates four types of 2D
acoustic lenses designed using phase-controlled metamaterials. These lenses can
achieve the effects of AF, acoustic vortex focusing (AVF), AAF, and acoustic asym-
metric vortex focusing (AAVF) in 3D space. These lenses have potential applications
in non-contact manipulation for trapping particles, medical ultrasound imaging and
treatment. Chapter 10 summarizes acoustic metamaterial advancements in AAT, AF,
and AAF, addressing challenges and future directions like broadband devices, 3D
wavefront control, and machine learning, with transformative applications in medical
ultrasound, communication, and environmental acoustics.
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Chapter 2 )
Basic Theory of Sound Manipulation e
Based on Acoustic Metamaterials

2.1 Introduction

Over the past two decades, the rapid development of acoustic metamaterials has led
to their widespread application in various advanced sound devices and structures.
Generally, acoustic metamaterials enable precise control of sound propagation and
exhibit characteristics such as sub-wavelength thickness, broad bandwidth, simple
structure, and ease of modulation. These properties make them highly promising for
applications in medical ultrasound, noise control, architectural acoustics, nondestruc-
tive testing, and more. To analyze the propagation characteristics of sound and the
mechanisms behind various sound phenomena caused by different types of acoustic
metamaterials, it is essential to understand the basic theoretical frameworks and
modeling methods of sound.

In this chapter, we introduce the fundamental theories of sound manipulation in
2D and 3D spaces based on acoustic metamaterials. These include the interference
theory, EM theory, FE method, generalized Snell’s law, mode conversion theory,
and band theory of SCs. These theories not only provide methodological support
for investigating the effects of AAT, AF, and AAF caused by acoustic metamaterials
but also offer a theoretical basis for in-depth analysis of the underlying physical
mechanisms.

2.2 Interference Theory

The linear interference of sound is closely related to the propagation and interac-
tion of acoustic waves. When two or more acoustic waves reach a certain point
simultaneously, their pressures superimpose based on the principle of linear super-
position, enabling the enhancement or cancellation of sound through interference.
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This phenomenon has significant potential in fields such as noise control, source
localization, and acoustic imaging.

Consider a sound source with amplitude A, initial phase ¢, and frequency f. The
incident acoustic wave can be expressed as [1]:

p(t) = Acos(wt — @), 2.1)
where w = 2nf is the angular frequency, and ¢ is time. By keeping the frequency
constant and varying the initial phase and amplitude, we obtain two sound sources
with different amplitudes (A, A;) and initial phases (¢, ¢2). The two incident

acoustic waves can then be written as [1]:

p1(t) = A; cos(wt — @), (2.2)

p2(t) = Az cos(wt — ¢@3). (2.3)

Based on the principle of linear superposition, the total pressure at a given point
is the sum of the pressures from the two waves [1]:

pi(#) = p1(t) + pa2(t) = A cos(wt — @), (2.4)

where

A= \/Af + A3 + 2A1A; cos(pr — @), (2.5)

Ay sin(e;) + Az sin(gy)
Aj cos(gr) + Az cos(¢z)’

@ = arctan (2.6)

In Eqgs. (2.5) and (2.6), A, is determined by the phase difference between ¢, and
@1, and @, represents the phase of the superimposed acoustic wave. When the phase
difference between the two waves is an even multiple of w (i.e. o — ¢ = 2nm, n =
0, £1, £2, £3...), the amplitude of the total pressure is maximized (A = A; + Ay),
indicating constructive interference. Conversely, when the phase difference is an odd
multiple of w (i.e. 9o — 91 = 2n + 1w, n =0, £1, £2, £3...), the amplitude of the
total pressure is minimized (A, = |A| — A,l), indicating destructive interference.

2.3 Effective Medium Theory

The EM theory is primarily used to derive the effective parameters of acoustic meta-
materials. The core idea is to treat the metamaterial as a uniform medium [2]. As
shown in Fig. 2.1a, an acoustic metamaterial is replaced by a planar EM that provides
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Fig. 2.1 a Schematic of an incident acoustic wave passing through an acoustic metamaterial and an
EM. b The inverse program for calculating effective parameters based on transmission and reflection
coefficients

the same amplitude and phase for reflection and transmission coefficients. Addition-
ally, the effective refractive index and impedance can be obtained from the reflection
and transmission coefficients (R and T') for the normal incidence of an acoustic
wave on the acoustic metamaterial (Fig. 2.1b). The effective density p and sound
velocity c are then calculated based on the effective refractive index and impedance,
as discussed below.

Next, consider an EM model with thickness d placed between two media with
densities p; and p3 and sound velocities c; and c3. When an acoustic wave is incident
on the EM with density p, and sound velocity c;, the reflection and transmission
coefficients can be written as [2]:

_ (Z) + 22)(Zy — Z3)e™ % + (Z1 — Zo)(Zr + Z3)
(Zi + ) (Zy — Z3)e %0 + (Z) — r)(Zr — Z3)’

r_ 47,7,
(21— 2)(Zs — Z3)e + (Zi + 2o) (2 + Z3)

2.7)

(2.8)

where Z; = p;c;/ cos 6; is the acoustic impedance, #; is the angle between the wave
vector and the normal line of the EM, and ¢ = mfd cos 6, / c; is the phase delay of
sound through the EM. For normal incidence and identical media on both sides, the
reflection and transmission coefficients can be simplified as [2]:
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Z; — 2
R= ——— : (2.9)
Zy +Zi — 2iZ,Zy cot @
1 +R
COS ¢ — ~z

In Egs. (2.9) and (2.10), by introducing the relative refractive index n, = c| / ca,
the wave number k = 27 f / c1, and the relative acoustic impedance Z, = p;c; / P1C1,
we obtain [2]:

tan(nrkd)(zir - z,)i

k= 2— tan(nrkd)(% n z,)i’

@2.11)

2
T = . (2.12)

cos(nrkd)[2 - tan(nrkd)(zlr n z)]

By inverting Eqs. (2.11) and (2.12), we can calculate the relative acoustic
impedance Z; and the refractive index n; as follows [2]:

[(1+R?2 -T2
Z, =4+ EI_R;—Z_TZ, (2.13)

+cos ([l = (RE=TD)]) 2mm
L e} ),

kd kd ’

(2.14)

where m is the branch number of the cos™! function. In Eqgs. (2.13) and (2.14),
both Z; and n, are complex functions of complex variables. Mathematically, any
combination of signs in these equations and any value of m can yield the same
reflection and transmission coefficients.

To resolve these ambiguities, additional constraints must be imposed on the char-
acteristics of the acoustic metamaterial. Generally, the real part of Z, must be posi-
tive, which determines the sign in Eq. (2.13). Additionally, a positive imaginary
sound speed component is required, leading to a negative imaginary part of n.. Note
that these signs are interrelated in Egs. (2.13) and (2.14). When Re(Z;) or Im(n) is
close to zero, errors in the measurement or calculation of reflection and transmission
coefficients may lead to incorrect sign combinations, causing discontinuities in Z;
and n with frequency. To address this, we rewrite Egs. (2.13) and (2.14) as [2]:

r

= TR R r=FV([R—T?—1)2 —4T2, (2.15)

Z

—ilogx 4+ 2mm (1—-R*+T>+7r)
ny = , X = )
kd 2T

(2.16)
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We first solve for 7 in Eq. (2.15) and select the root that yields a positive solution
for Re(Z;). Then, the expression for x uses the value of r to eliminate ambiguity in
the expression for n, in Eq. (2.16). However, determining Re(n,) from Eq. (2.11) is
complicated by the need to select the proper value of m. This issue can be avoided
by determining the effective parameters for a minimum thickness of the acoustic
metamaterials, where m is zero. By using this approach, the sign and branch number
for increasing frequency can be determined by the requirement of continuous #,.
Based on Z; and n,, the effective density and sound velocity of the EM can be
calculated as [2]:

02 = p1Zy, (2.17)
C1

C) = —. (2.18)
Ny

2.4 Finite Element Method

The FE method is a widely used numerical technique in scientific research and engi-
neering applications. It originated in the 1940s from the ideas proposed by Hren-
nikoff and Courant for solving problems related to elastic structures in mechanical
mechanics. However, its practical application was initially limited due to the enor-
mous computational load. In recent years, with the rapid advancement of computer
technology, the FE method has become a powerful tool for solving a wide range of
physical problems.

The fundamental idea behind the FE method is to convert the problem of solving
differential equations into the problem of finding the extremum of a functional.
This is achieved by dividing the solution domain into a series of interconnected
elements, which are linked by nodes. This discrete model approximates the actual
physical system. Based on the variational principle, an algebraic system of equations
is established to solve for the field function at the nodes. Finally, the solution at any
point within any element can be calculated using interpolation.

Solving a problem using the FE method typically involves the following steps:

(1) Domain discretization: the solution domain is divided into a finite number of
interconnected but non-overlapping elements, connected by nodes. The nodes
are usually located at the vertices of the elements. For a 2D domain, the
elements are typically triangular, while for a 3D domain, tetrahedral elements
are commonly used.

(2) Selection of interpolation functions: an appropriate interpolation function is
chosen as the basis function for the elements, based on the number of nodes
and the desired solution accuracy. The field function for each element is then
derived.
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(3) Formulation of element equations: the field function is substituted into the inte-
gral equation, and by integrating over the element region, the FE equation for
the element is obtained.

(4) Assembly of global equations: the FE equations for all elements are summed
to form the global FE equation for the entire structure. By incorporating the
continuity conditions at the nodes and the boundary conditions of the solution
domain, numerical methods such as Gaussian elimination or iterative methods
can be used to solve the system of equations.

(5) Solution and interpolation: the physical variables at any point in the solution
domain can be approximated using interpolation functions based on the solutions
at the nodes.

Throughout this book, the propagation characteristics of sound are numerically
simulated using the FE software COMSOL Multiphysics. Typically, the pressure
acoustics module is used to design the FE model. In this module, sound propagation
is simulated in a fluid under static background conditions in the frequency domain,
which satisfies the Helmholtz equation. The FE form of the Helmholtz equation can
be expressed as [3]:

1 w?
v. <__vp> L (2.19)
Lo PoCy
where p represents the total acoustic pressure.

The incident sound source can be set as either a plane wave or a cylindrical wave.
For plane acoustic wave, the incident pressure distribution p; is located at the left

boundary and is expressed as [3]:
pi=pie™, (2.20)

where p| represents the pressure amplitude, and k = / co is the wavenumber in air.
The incident pressure distribution p; satisfies the FE equation [3]:

kpo 1
Oi=il 4 L Ap+T-—Vp 2.21)
po  2kpo Po

where Q; represents the incident sound source, A indicates the Laplace operator in
the cutting plane. For cylindrical acoustic wave, a point source is set at the position
of sound source X, satisfying the FE equation [3]:

1 kp AT
V. <——Vp) _ o5 — %), (2.22)
L0 L0 L0

where S represents the Monopole amplitude.
The boundaries of the model can be set as open boundaries, sound-hard bound-
aries, or Floquet periodic boundaries. For an open boundary, the boundary can be
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set as plane or cylindrical wave radiation, corresponding to the plane or cylindrical
sound source. The FE equations for the two boundaries are expressed as [3]:

1 k i
= (——Vp) i L Ap =0 (223)
00 po  2kpo
1 . 1 1 Pr rA Dr
- I
W (-—V kit ———— 2y 2 (204
! < P ”>+<’ T 8"(1+ik’”))00+2(1+ikr)ﬂ0 g @29

where 1i is the unit normal vector, r is the shortest distance from the point on the
boundary to the sound source, and p; is the reflected acoustic pressure. For a sound-
hard boundary, the normal component of the acceleration is zero, satisfying the FE
equation [3]:

R (_ivp> ~0. (2.25)
o

Floquet periodicity is used to reduce the model size by exploiting symmetries and
periodicities in the geometry and physics interfaces. The FE equations for Floquet
periodicity are expressed as [3]:

s = pre ke EE), (2.26)
e 1 e ! —ikp-(F,—Fy)
—H;-|——Vp) =1, | ——Vp | "B, 2.27)
Lo s Po x

where the subscripts “s” and “x” represent a set of symmetrical boundaries, and f(]:
is the Floquet periodic wave vector.

Finally, for solid structures in the model, the solid mechanics module is typically
used. The interfaces between the solid and fluid domains are set as acoustic-structure
coupling boundaries. The FE equations for the external and internal boundaries are
expressed as [3]:

1
3. <__vp) - (2.28)
Lo
Fr=Tp, (2.29)

where Uy represents the structural acceleration, and F, is the force applied per unit
area.

1 .
-7 (——Vp) = -7 iy, (2.30)
Lo up
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1 -
5. <__vp> - 2.31)
Po down

ﬁ‘A = i)(pdown _pup)v (2.32)

where the subscripts “up” and “down” represent the two sides of the internal
boundary.

Finally, the solution domain is divided into multiple basic elements by meshing
the geometric model. The field distributions across the entire solution domain are
obtained through parameter calculations using the COMSOL Multiphysics software.

2.5 Generalized Snell’s Law

2.5.1 1D Generalized Snell’s Law

As shown in Fig. 2.2a, to derive the 1D generalized Snell’s law for sound transmis-
sion, we design a 1D transmitted AM with a phase gradient of ¢(x). Consider an
incident wave with an angle 6; (measured from the +z direction, where 0 < 6; < 7).
The acoustic wave passes through the metasurface and is transmitted at an angle 6,
(measured from the 4z direction, where O < 6, < 7). As shown in Fig. 2.2b, assuming
that two specified propagation paths, Aj—A;—Aj3 and B|—-B,-B3;, are infinitesimally
close to the actual acoustic paths, we can derive the phase delay differences between
points A; and A;, As and A4, B and B,, and B3 and By as follows:

(pAz - @Al = (P(x)
: (2.33)
{ ®a; — Pa, = nikol Az As|

{ @B, — @B, = Niko|B{B,| (2.34)

¢B; — ¢¥B, = ‘P(x+dx) '

where |B;B,| = d' and |A;As| = d' are the differences in propagation distances for
the incident and transmitted acoustic waves, respectively. Here, ny is the refractive
index of the incident/transmitted medium, and kg is the wave number in air.

Based on Fermat’s principle, the difference in phase delays between the two paths
is zero, which can be expressed as:

YA; — YA = ¥B; — ¢B;- (2.35)
Based on Eqgs. (2.33)—(2.35), we obtain:

@(x + dx) + nikod' = @(x) + nkod". (2.36)
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Fig. 2.2 a Schematic of a 1D transmitted AM. b Schematic of incident acoustic waves passing
through the 1D transmitted AM. ¢ Schematic of a 1D reflected AM

The phase delay difference between positions x 4 dx and x on the metasurface is
given by:

dep = p(x + dx) — @(x). (2.37)
The difference in propagation distance d”* can be expressed as:
d" = sin 6;dx. (2.38)

By substituting Eqgs. (2.37) and (2.38) into (2.36), we obtain the 1D generalized
Snell’s law for sound transmission [4]:

1d
nesing, —nisin6; = a"’. (2.39)

As shown in Fig. 2.2¢, for a 1D reflected AM with a phase gradient of ¢(x) and
an incident wave with angle 6;, the sound is reflected at an angle 6, (measured from
the —z direction, where 0 < @, < m). Similar to the case of sound transmission, the
1D generalized Snell’s law for sound reflection can be written as [4]:

sinf, —sinf; = — —. (2.40)
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Specifically, when both the incident and transmitted media are air, we have n; =
ny = 1. Thus, Egs. (2.39) and (2.40) can be simplified as [4]:

. . 1 d
sin Oy, — sin@; = Ef (241

Based on Eq. (2.41), we can manipulate acoustic wavefronts in 2D space using
1D metasurface structures.

2.5.2 2D Generalized Snell’s Law

As illustrated in Fig. 2.3a, to derive the 2D generalized Snell’s law for sound trans-
mission, we design a 2D transmitted AM with a phase gradient of ¢(x, y). Consider
an incident wave with a polar angle #; and an azimuth angle £; impinging on the
metasurface. The transmitted wave has angles 6, and f,. Here, 6; and 8, are measured
from the +z direction (0 < 8}, < m), and f; and S, are measured from the +x direction
in the x—y plane (0 < S, < m).

Reflected
wave

€ [ncident
wave

Fig. 2.3 a Schematic of a 2D transmitted AM. b Schematic of incident acoustic waves passing
through the 2D transmitted AM. ¢ Schematic of a 2D reflected AM
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As shown in Fig. 2.3b, there are two specified propagation paths, A|—A;—Az—A4
and B;-B,—B3-By,, which are infinitesimally close to the actual acoustic paths. The
phase delay differences between two adjacent points on these paths can be written
as:

PA, — QA = (p(x1 y)
®a; — Pa, = niko| Az Azl (2.42)

A, — Pa; = niko| Az Ay
@B, — ¥B, = hiko|B1By|
¥B; — 9B, = niko|B2B3] ; (2.43)
@B, — ¥B;, = @(x +dx, y +dy)

where |[A3A4] = df and |AyAz| = dy‘ are the differences in propagation distances for
the transmitted acoustic waves in the x and y directions, respectively, and |B, B3| = d;
and |B1B;| = dyi are those for the incident acoustic waves in both directions. Based
on Fermat’s principle, we have:

¢A4 - (pAl = ¢B4 - @Bl . (244)

By substituting Egs. (2.42) and (2.43) into (2.44), we obtain:
o(x + dx, y + dy) + niko (d;; + d;,) = o(x.y) + nko (d; + d;). (2.45)

The phase delay difference between the positions (x + dx, y + dy) and (x, y) on
the metasurface is given by:

dp = @(x +dx,y +dy) — (x,y). (2.46)

The differences in propagation distances d'* and dt can be expressed as:

(a2, ) = sin Bi(cos fuud, sin ). (247)
By substituting Eqgs. (2.46) and (2.47) into (2.45), we obtain the 2D generalized
Snell’s law for sound transmission [5]:

d
n sin 6y(cos Bidx + sin Bidy) — n; sin 6;(cos Bidx + sin Bidy) = k—w (2.48)
0

As shown in Fig. 2.3c, for a 2D reflected AM with a phase gradient of ¢(x, y) and
an incident wave with polar angle #; and azimuth angle f;, the sound is reflected at
angles 6, (0 < 6, <) and f; (0 < B, < n), measured from the —z direction and the +
x direction in the x—y plane, respectively. Similar to the case of sound transmission,
the 2D generalized Snell’s law for sound reflection can be written as [5]:
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d
sin 6;(cos Bydx + sin B;dy) — sin 8;(cos Bidx + sin gidy) = k—(p (2.49)
oMi

For the special case where the AM is immersed in air, we have n; = n, = 1. Thus,
the 2D generalized Snell’s law for sound transmission/reflection can be simplified
as [5]:

d
sin By, (cos Byrdx + sin By dy) — sin 6;(cos Bidx + sin Bidy) = k_(p (2.50)
0

Based on Eq. (2.50), we can arbitrarily shape acoustic wavefronts in 3D space
using 2D metasurface structures.

2.6 Mode Conversion Theory

2.6.1 Mode Conversion Between Zero-Order and First-Order
Waves

In this section, we theoretically derive the mode conversion between zero-order and
first-order waves. As illustrated in Fig. 2.4, a mode-conversion meta-atom is placed
in a straight waveguide with a width of wv1 in the y direction. When a zero-order
wave impinges on the meta-atom, the sound energy can transmit through it and be
converted into a first-order wave. The pressure distributions of the zero-order and
first-order waves in the waveguide can be expressed as [1]:

po(x,y) = Age 0", 2.51)

pi(x,y) = —Aje ®¥ sin n—f (2.52)

Wy

where Ag and A are the amplitudes of the zero-order and first-order waves, respec-
tively, ko = 2nf/c is the wave number in air, c¢ is the sound velocity in air, f is the

2
frequency, and k! = ,/k2 — (n / wV‘> is the wave number of the first-order wave in

the x direction.

It is important to note that the zero-order wave at any frequency can pass through
the waveguide, while the first-order wave has a cutoff frequency f.! = ¢/ (2w1y).
When the frequency of the first-order wave satisfies f > f.!, the first-order wave can
propagate through the waveguide. Otherwise, the value of k! becomes imaginary,
and the first-order wave cannot pass through the meta-atom. Therefore, the first-
order wave can only transmit through the waveguide when ws, > X/2, where 4 is the
wavelength.
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Fig. 2.4 Schematic of the
mode conversion between
the zero-order and first-order
waves caused by a
mode-conversion meta-atom
in a straight waveguide. The
colors of the meta-atom
represent the theoretical
phase distributions

From Egs. (2.51) and (2.52), it can be observed that the phase distribution of the
zero-order wave is constant, while that of the first-order wave is anti-symmetric with
respect to y = 0. Therefore, to convert the zero-order wave into the first-order wave,
the theoretical phase distribution of the mode-conversion meta-atom must satisfy [0,
7]

T, y € [—W—;, O)

. >
p(y) = O,ye[O,WT] )

(2.53)

-

which is schematically represented by two types of colors in Fig. 2.4.

2.6.2 Mode Conversion Between Zero-Order and High-Order
Waves

The zero-order wave can also be converted into other types of high-order waves using
mode-conversion meta-atoms. The pressure distribution of the n-th-order wave in the
straight waveguide is given by [1]:

. 1
DaCey) = Ay KT cosnm (ln + 5), (2.54)
Wy

/ 2
where A, is the amplitude of the n-th-order wave, k" = ,[k3 — (}’UT / w;‘) is the

wave number of the n-th-order wave in the x direction, and w;’ is the waveguide
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width which must satisfy wi > ni/2 to allow the propagation of the n-th-order wave
[1].

As an example, we consider the second-order (n = 2) and fourth-order (n =
4) waves, which are schematically shown in Fig. 2.5a, b, respectively. Based on
Eq. (2.54), the zero-order wave can pass through the two types of meta-atoms and be
converted into the second-order and fourth-order waves. The corresponding phase
distributions in the y direction are given by [7]:

woa el -1) V()
() = ’ ; (2.55)
T
0. 2 e [-h - Ul-b UG ]

Fig. 2.5 Schematic of the mode conversion between a the zero-order and second-order waves,
and b the zero-order and fourth-order waves caused by mode-conversion meta-atoms in straight
waveguides. The colors of the meta-atoms represent their theoretical phase distributions
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2.7 Band Theory of Sonic Crystal

2.7.1 Conceptof SC

The concept of SC is derived from that of photonic crystals. In a periodic elastic
system, the propagation direction of sound changes when its wavelength is close
to the periodic length of the structure. This phenomenon is known as Bragg scat-
tering. Due to Bragg scattering, the periodic elastic system forms a specific band
structure called the phononic band. Acoustic waves with frequencies within the
phononic band can propagate through the system. However, for frequencies outside
the phononic band, sound transmission is forbidden due to the exponential decay of
sound energy caused by interference and cancellation in the periodic elastic system,
forming phononic bandgaps. A periodic elastic system with phononic bandgaps is
defined as a SC, which is generally composed of two or more types of elastic media.
The continuous and discontinuous physical phases are referred to as matrices and
dispersions, respectively.

2.7.2 Lattice Periodicity

(1) Direct space

Similar to natural crystals, SCs also have a periodic structure and can be described
using the concept of a crystal lattice. The periodically arranged atoms can be
abstracted as lattice points, and the entire crystal can be described by a space lattice,
referred to as a crystal lattice. The smallest repetitive structure of the crystal lattice is
defined as the unit cell. To determine the position of each lattice point, we arbitrarily
select a reference point, and the position vectors of the nearest three non-coplanar
lattice points, a1, a» and as, are the direct basis vectors. These vectors can be used
to construct the direct space. Therefore, the position vector of any lattice point can
be expressed as a linear combination of the three direct basis vectors:

R, = Lay + hay + lsas, (2.57)

where /1, [ and /5 are arbitrary integers, and IAQI is defined as the direct lattice vector.
At this reference point, a parallelepiped can be constructed by the three direct basis
vectors, and thus a unit cell can be obtained. Therefore, the crystal lattice can be
obtained by repeating integer multiples of the unit cell along the direction of the
basis vector.

Based on the symmetry of the crystal structure, the crystal lattice can be divided
into fourteen types of lattices, known as Bravais lattices. As shown in Fig. 2.6, the
2D Bravais lattices mainly include the square and hexagonal lattices, while the 3D
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Square lattice  Hexagonal lattice Simple cube Body-centered cube Face-centered cube
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Fig. 2.6 Schematic of several types of Bravais lattices

ones include the simple cubic, body-centered cubic, and face-centered cubic lattices,
among others.

Additionally, there is another method to determine the unit cell. As shown in
Fig. 2.7, a lattice point is taken as the center, and a closed region surrounded by the
perpendicular lines connecting the lattice point with its nearest neighboring lattice
points is called the Wigner—Seitz unit cell, abbreviated as the WS unit cell. Note that
the WS unit cell has the same symmetry as the corresponding Bravais lattice.

(2) Reciprocal space

To discuss the band structure of SCs, we introduce the concept of reciprocal space.
The basis vectors in the reciprocal space can be derived from those in the direct space.
The relationships between the direct and reciprocal basis vectors are as follows [8]:

(2.58)

Fig. 2.7 Schematic of a WS
unit cell

\ WS cell
__.\._
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by = 2w — 24 (2.59)
ap - (az X a3)

- a; X 52

by =21 (2.60)

where by, by, and b3 are the reciprocal basis vectors. The direct and reciprocal basis

vectors satisfy the orthogonal relation a; - bj = 2mé; (i, j = 1, 2, 3), where §;; is
the Kronecker symbol. Similarly, the position vector of an arbitrary lattice point in
reciprocal space is expressed as:

Gy, = hyby + hoby + hsbs, 2.61)

where hy, hy, and h3 are arbitrary integers, and G, is defined as the reciprocal lattice
vector.

In fact, each crystal structure can be described by both direct and reciprocal
crystal lattices. It can be mathematically proven that there is a unique correspondence
between direct and reciprocal lattices, and both of them are reciprocal to each other,
accurately exhibiting the symmetry of the crystal structure.

2.7.3 Brillouin Zone

The symmetry of the band structure in SC is closely related to that of the crystal
lattice. Therefore, calculating the band structure of the unit cell in reciprocal space can
accurately characterize the symmetry of the band structure of the entire crystal lattice
inreciprocal space. This method reduces computational load and improves efficiency.
Generally, we select the WS unit cell in reciprocal space as the minimum repetitive
structure, which is called the first Brillouin zone. Additionally, to further reduce the
computational region in reciprocal space, we select a series of high-symmetry points
within the first Brillouin zone to enclose a region with high symmetry, known as
the irreducible Brillouin zone.

Next, we discuss the reciprocal lattice vectors and the first Brillouin zone of SCs
with different lattice symmetries. Based on the dimension of the periodic arrangement
of the unit cells in the SCs, we generally divide them into 1D, 2D, and 3D SCs.

(1) Brillouin zone of 1D SC

A 1D SC is composed of a periodic arrangement of unit cells in one direction. For a
1D crystal lattice with a lattice constant of a, the direct and reciprocal basis vectors
2

can be expressed as a = ae, and b = L e,, respectively, where e, is the unit vector
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Fig. 2.8 Schematic of the =
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in the periodic direction of the SC. As shown in Fig. 2.8, by taking a lattice point in
reciprocal space as a reference, the vectors from this point to the two nearest lattice

points are p and — p. The region between the perpendicular bisectors of both vectors
is the first Brillouin zone, defined as [—m/a, w/a].

(2) Brillouin zone of 2D SC

2D SCs can be mainly divided into two types: orthogonal and oblique lattices.
Figure 2.9a schematically shows the orthogonal lattice, in which both direct basis
vectors are orthogonal to each other. Assuming that the length and width of the WS

unit cell are a and b, and the unit vectors in the x and y directions are e, and Ey,
respectively, the direct basis vectors can be written as [8]:

) = ae,, (2.62)

a = bEy. (2.63)
Next, we calculate the reciprocal basis vectors of the crystal lattice. To do this,

we introduce a direct basis vector a3 that is orthogonal with a; and a@,, which can be
expressed as [8]:

ay=e,, (2.64)

where e, is the unit vector in the z direction. Therefore, we can calculate the three
reciprocal basis vectors as follows [8]:
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Fig. 2.9 a Schematic of the 2D orthogonal direct lattice and b its Brillouin zone

- om

b =Ze., (2.65)
a

Y

by =T, (2.66)
b

by = 2re.,. (2.67)

The reciprocal basis vector in the z direction in Eq. (2.64) is redundant in the 2D
lattice and can be ignored. As shown in Fig. 2.9b, the black open rectangle represents
the first Brillouin zone of the crystal lattice, and the dark green shaded region is the
irreducible Brillouin zone.

For the oblique lattice, its two basis vectors are not orthogonal with each other, and
form a certain angle, usually 60°. There exist two basic structures in the oblique lattice
system, such as triangular and honeycomb lattices, which are shown in Fig. 2.10a, b
respectively. The unit cell of the triangular lattice only contains one atom, while that
of the honeycomb lattice has two non-equivalent atoms. It is worthy of note that the
direct basis vectors of the two oblique lattices are the same. Therefore, the reciprocal
lattices as well as the first Brillouin zones are the same, as shown in Fig. 2.10c.
Then, we take the honeycomb lattice as an example, and calculate its reciprocal
basis vectors, and obtain the first Brillouin zone.

As shown in Fig. 2.10b, the unit cell of the 2D honeycomb lattice is a regular
hexagon, and the distance between the nearest neighboring lattice points is a.
Therefore, the direct basis vectors can be expressed as [8]:
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Fig. 2.10 Schematic of a a triangular lattice and b a honeycomb lattice, and ¢ their first Brillouin
zone

a; = aey, (2.68)

dy = g(ﬁzy ). (2.69)

Similar to the 2D orthogonal lattice, by introducing the direct basis vector in the z
direction in Eq. (2.64), we obtain the three reciprocal basis vectors based on Eqgs.
(2.58)—(2.60), which can be written as [8]:

N 2 N 2
by =~ (gx + e—y) (2.70)
a

by= 47 5 2.71)
= —€ . .
2 \/§a y

by = 2re.. (2.72)

The basis vector in the z direction in Eq. (2.72) is redundant and can also be
ignored. As shown in Fig. 2.10c, the minimum region surrounded by the perpendic-
ular bisectors of the two reciprocal basis vectors in Egs. (2.70) and (2.71) is the first
Brillouin zone.

2.7.4 Calculation of Band Structure of SC

When solving the problem of electronic band structure in crystals, it is generally
transformed into solving the wave function and energy eigenvalues of electrons in
the crystal under the potential field of a periodic spatial distribution of atoms. The
effect of SCs on elastic waves is similar to the effect of a periodic potential field on
electrons. Therefore, the band structure of the SCs can be calculated using a similar
method. In the context of airborne sound, the characteristics of sound propagation
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in the SCs can be characterized based on pressure acoustics. For wave problems
in the frequency domain, the Helmholtz equation is usually used to describe the
propagation of sound, which is given as [1]:

V. Vp(?> (Y u(7) =0 2.73)
o(7) p<7)(c) (r)=o

where r is the position vector, p(r) is the acoustic pressure, ,o(r) is the density

of the medium, and w and c are the angular frequency and sound velocity, respec-
tively. Based on the Bloch theorem, the pressure eigenfunction obtained by solving
Eq. (2.73) can be expressed in a special form, known as the Bloch function [8]:

p(r)=e*ru (7). (2.74)

k
where k is the Bloch wave vector, n is the band index, and u ;(r) is the
n,
amplitude modulation function with translational symmetry, satisfying u E(?) =
n,

u _ (? + i?1> By substituting Eq. (2.74) into (2.73), we obtain:

nk
n,k n,k . n, k

ik-|V p<?> +

u (7

" n,kE ) ( ® )2 _
o(r) L

Therefore, for any given wave vector k, we can calculate a series of eigenvalues

and eigenfunctions, which correspond to the energy bands and eigenmodes of the
SC, respectively.

(2.75)

2.8 Conclusion

This chapter introduces the fundamental theories and modeling methods for sound
manipulation using acoustic metamaterials in both 2D and 3D spaces. Key theories
include the interference theory, EM theory, FE method, generalized Snell’s law, mode
conversion theory, and band theory of SCs. These theories provide a comprehensive
framework for understanding and designing advanced acoustic devices.
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Chapter 3 )
Acoustic Asymmetric Transmission e
by Underwater Plate-Like Metamaterials

3.1 Introduction

Underwater metamaterials are a type of acoustic metamaterial designed to manipulate
sound propagation in water. This is typically achieved by precisely designing metallic
materials with special structures. Based on underwater metamaterials, the modulation
of sound propagation paths, asymmetric transmission, focusing, and isolation can be
realized in water. These capabilities are of great significance in fields such as under-
water acoustic communication, sonar detection, and medical ultrasound imaging and
treatment. To improve the performance of underwater communication devices and
enhance the detection capability of sonar systems, it is essential to achieve asym-
metric transmission of sound along specific propagation paths to avoid interference
caused by sound energy in other directions. Therefore, the study of underwater AAT
devices has significant application value and scientific importance.

In this chapter, we numerically design and experimentally demonstrate four types
of AAT systems using underwater metamaterials. First, we design an AAT system
composed of a thin brass plate with a single-sided periodic grating immersed in water
[1]. The AAT effect is observed in two working bands below 1500 kHz, which can
be systematically controlled by tuning the size of the unit cell. Second, we propose
an enhanced AAT system composed of a periodic grating made of brass cylinders
accompanied by multi-layer brass plates [2]. The enhanced AAT effect arises from
the leaky Ao mode in the brass plates, which is excited by the coupling of diffracted
waves with resonant surface states localized at the interface of the grating and brass
plate. The measured maximum transmittance and rectifying ratio reach 0.97 and 10%,
respectively. Third, we investigate the performance modulation of an AAT system
composed of a brass plate and a periodic grating immersed in water [3]. The pass
band and the output angle of sound in the AAT system are closely related to the angle
distribution curves of the -1-order diffractions and the Ay mode. Consequently, by
adjusting the grating period and the plate thickness, the control of the passband and
the output angle of sound can be achieved. Fourth, we design a multi-band AAT
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system consisting of two periodic gratings with different periods placed on both
sides of two brass plates [4]. The AAT effect is observed in four working bands
below 1500 kHz, attributed to the interaction between various diffractions caused by
the gratings with different periods and Lamb modes in the brass plates. Finally, we
propose an ultra-broadband AAT system composed of a brass plate and aright triangle
reflector in water [5]. The ultra-broadband AAT effect is attributed to the asymmetric
excitation of the leaky Ay mode in the brass plate caused by the incident angle of
external waves. The bandwidth of the AAT can reach 2000 kHz with an incident
angle of 48°. The designed underwater AAT systems have potential applications in
medical ultrasound imaging, diagnosis, and acoustic functional components.

3.2 Acoustic Asymmetric Transmission by a Metal Plate
with Single-Sided Periodic Gratings

3.2.1 Design and Performance of AAT System

As schematically shown in Fig. 3.1, the designed AAT system consists of a thin brass
plate immersed in water, with a periodic array of rectangular gratings milled on the
left surface of the plate [1]. The abbreviations LI and RI present the normal incidence
of sound from the left and right sides of the system, respectively. The parameters of
the unit cellare « =4 mm, 2 = 1 mm, a; = 1 mm and /&; = 0.5 mm. The characteristics
of the AAT system are simulated using the COMSOL Multiphysics software, with
material parameters selected as follows: density p = 8400 kg/m?, longitudinal wave
velocity ¢; = 4400 m/s and transversal wave velocity ¢, = 2200 m/s for the brass
plates; p = 1000 kg/m? and ¢ = 1433 m/s for water at 277 K.

Figure 3.2a-d show the simulated intensity distributions caused by the AAT
system at 362 and 844 kHz for LI and RI, with the number of unit cells in the system
set to 40. For comparison, a brass plane plate (PP) with the same length and thickness
of 1.5 mm is also simulated (Fig. 3.2e, f). The intensity distribution in each figure is
normalized by the maximum intensity of the incident wave. As shown in Fig. 3.2,
the simulated intensity distributions exhibit obvious AAT characteristics. In the case
of LI, strong sound energy is transmitted to the right region, primarily consisting of
three branches: the middle branch (MB), the downward deflected branch (DDB), and
the upward deflected branch (UDB). In the far field, the sound intensities of DDB
and UDB are much stronger than that of MB. This phenomenon is attributed to sound
diffraction caused by the grating. However, for RI and PP, the sound energy of MB
is very weak, and DDB and UDB almost disappear.

To quantitatively display the AAT behavior, we simulate the transmission spectra
for LI, RI, and PP, as shown in Fig. 3.3a. The transmission spectra exhibit remarkable
AAT behavior, particularly in the two black shaded regions. We can see that LI has
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Fig. 3.1 Schematic of the @
AAT syst
systert Water : Water

LI

L
l?‘,
[ ]

high transmission efficiency, while RI has no transmission in the ranges of 358—
416 and 786-934 kHz. Additionally, the transmission for PP is rather low due to an
extremely large acoustic impedance mismatch between brass and water.

To quantify the performance of the AAT system, we introduce the contrast ratio,
defined as [6]:

T, — T,
o _ |TL=Tl

= LLT IRE 3.1
© T T Ta 3.1

where T and T are the transmission coefficients for LI and RI, respectively. The
absolute value of R, represents the relative transmission weight between LI and RI.
Figure 3.3b presents R, calculated as a function of frequency. It is shown that the R,
is larger than 0.6 in both shaded regions, indicating that the system has good AAT
performance.

3.2.2 Experimental Measurement

To experimentally verify the AAT system, we measure the transmission coefficients
using the well-known ultrasonic transmission technique [7, 8]. In the experiment,
the sample sizes are 16 cm and 8 cm in the y and z directions respectively, with the
unit cell parameters matching those in Fig. 3.2. A plane brass plate with the same
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Fig. 3.2 Simulated intensity distributions caused by the AAT system for a, b LI, ¢, d RI, and e,
f PP at 362 and 844 kHz

parameters as in the simulation is also measured. Figure 3.4 shows the schematic of
the experimental set-up, which is immersed in a water tank. The sample is clamped
and placed between a pair of specially designed ultrasonic generation and detection
transducers (with a central frequency of 900 kHz, a bandwidth of 500-1300 kHz,
and a diameter of 20 mm). The generation transducer is aligned normally towards
the sample at a distance of 10 cm. On the other side, the detection transducer is
positioned around the sample at the same distance. The average water temperature
is 277 K.

Figure 3.5 shows the experimental angular transmission distributions for LI, RI,
and PP. It is observed that only MB exists for RI and PP, whereas for LI, additional
DDB and UDB appear apart from MB. The maximum intensities occur at angles of
—40 and 40°, which agrees well with the simulations in Fig. 3.2b. This demonstrates
that DDB and UDB dominate the transmitted sound energy.
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Next, we measure the transmission spectra by superposing all transmitted sound
energy. Figure 3.6a shows the measured transmission spectra of the AAT system for
LI RI, and PP in the range of 600-1100 kHz, which agrees well with the simulated
results. In particular, the transmission peak in the range of 800-950 kHz matches
well between the measurement and simulation. Figure 3.6b presents the measured
and simulated contrast ratio of the AAT system, showing good agreement in the AAT
range.
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Fig. 3.6 a Measured and simulated transmission spectra for LI, RI, and PP, and b contrast ratio of
the AAT system

3.2.3 Performance Modulation

We also find that the working bands of the AAT system can be controlled by tuning
the size of the unit cell. In the simulations, we gradually change the size of the unit
cell (@ =4 mm, h =1 mm, g = 1 mm, and #; = 0.5 mm) by scaling it by a
factor n from 0.75 to 1.25, while keeping the configuration and material of the AAT
system unchanged. Figure 3.7 plots the transmission spectra of the AAT system for
different values of n. As shown in Fig. 3.7a—d, the working bands (the black shaded
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Fig. 3.7 Simulated transmission spectra of the AAT system with different values of n for LI, RI,
and PP. a n = 0.75, working bands: 480-556 and 1062-1246 kHz; b n = 0.875, working bands:
408-460 and 908-1068 kHz; ¢ n = 1.125, working bands: 320-374 and 740-830 kHz; d n = 1.25,
working bands: 286-320 and 628-748 kHz

regions) change gradually as » is adjusted, while the shapes and magnitudes of the
transmission spectra remain nearly constant. Thus, the working band of the AAT
system can be systematically controlled by adjusting the size of the unit cell.
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3.3 Enhanced Acoustic Asymmetric Transmission
by Multi-Layer Metal Plates with Single-Sided Periodic
Gratings

3.3.1 Design and Performance of Enhanced AAT System

As schematically shown in Fig. 3.8, the enhanced AAT system consists of a multi-
layer brass plate (with a thickness 4 = 1 mm) immersed in a water background. A
periodic array of brass cylinders (with a diameter d = 0.8 mm and a lattice constant
a = 2 mm) is placed along the y direction on the left side of the multi-layer plates
[2]. The brass plates are 20 cm long (covering n = 100 periods) and 10 cm wide in
the y and z directions, respectively. The distance between the grating and the plate
(b) and the distance between the plates (c) are both 0.5 mm. The abbreviations LI
and RI refer to the incident waves emanating from the left and right sides of the
AAT system, respectively. The software COMSOL Multiphysics is used to simulate
the transmittance spectra, rectifying ratios, and intensity distributions. The material
parameters are as follows: density p = 8400 kg/m?, longitudinal wave velocity ¢; =
4400 m/s, and transversal wave velocity ¢, = 2200 m/s for brass; p,, = 997 kg/m*
and c,, = 1482 m/s for water at 296 K. The width of the incident plane wave is set
to 20 mm.

Figure 3.9 shows the simulated intensity distributions caused by the enhanced
AAT systems with m = 1, 2, and 3. As shown in Fig. 3.9, the intensity distributions
exhibit clear characteristics of AAT. For RI (Fig. 3.9b, d, and f), the sound energy
is almost completely reflected with no transmission. However, in the case of LI
(Fig. 3.9a, c, and e), the strong sound energy is transmitted to the right region and

Fig. 3.8 Schematic of the Water

enhanced AAT system
b
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splits into two branches: UDB and DDB. Meanwhile, in the left region, in addition
to the incident sound energy, the reflected sound energy is also divided into two parts
that propagate in the opposite directions of UDB and DDB.

To verify this, we experimentally measure the transmittance spectra of the
enhanced AAT system. The structure parameters of the sample are the same as
those used in the simulations. The sample is clamped and placed between a pair of
specially designed ultrasonic generation and detection transducers (with a central
frequency of 900 kHz, a bandwidth of 500-1300 kHz, and a diameter of 20 mm).
The entire assembly is immersed in a large water tank, and the water temperature is
maintained at 296 K during the experiment.
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Fig. 3.9 Simulated intensity distributions caused by the enhanced AAT system at 900 kHz: a LI
and bRIform=1;cLlanddRIform=2;eLlandf Rl form =3
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Figure 3.10a—c display the measured transmittance spectra by integrating the total
transmitted sound energy for m = 1, 2, and 3, which agree well with the simulations.
The working bands of the AAT systems with m = 1, 2, and 3 are 750-952 kHz, 776—
952 kHz, and 802-952 kHz, respectively, as indicated by the black shaded regions.
It is observed that the transmittance spectra exhibit remarkable AAT behavior. By
comparing Fig. 3.10a—c, we observe that the transmittance for both LI and RI grad-
ually decreases with the increase of m in the range of 750-870 kHz, especially
between m = 1 and 2, due to the reflected sound energy and energy loss between
the plates. However, in the range of 880-950 kHz, the transmittance for LI remains
almost unchanged for m = 2 and 3, while that for RI continues to decrease (Fig. 3.10b,
¢), which can be used to further optimize the performance of the AAT system.

To quantify the rectifying efficiency of the sample, we introduce the ratio defined
as [9]:

8 =T,/ Tx, (3.2)

Where T, and Ty are the transmittance for LI and RI, respectively. The measured
rectifying ratios of the AAT systems with m = 1, 2, and 3 are plotted in Fig. 3.10d—f,
which agree with the simulated results. Meanwhile, as m increases, the rectifying
ratios significantly increase in the working bands of the AAT systems (the black
shaded regions), and the measured maximum rectifying ratio reaches 10* for m = 3
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Fig. 3.10 Measured and simulated transmittance spectra of the enhanced AAT systems with am =
1, b 2, and ¢ 3, and rectifying ratios of the enhanced AAT systems withd m =1, e 2, and f 3



3.3 Enhanced Acoustic Asymmetric Transmission by Multi-Layer Metal ... 65

at 900 kHz. It is therefore deduced that a higher rectifying ratio (more than 103) can
be achieved in the AAT system with more brass plates.

3.3.2 Physical Mechanism

To gain insight into the mechanism of AAT, we investigate the diffracted waves
caused by the grating structure without the brass plates. The diffraction angles can
be calculated by 6 = arcsin(|k|cW / af ), where k is the order of the diffracted wave,
and f is the incident frequency. Figure 3.11a displays the angle distribution of the
diffracted waves. It shows that, in addition to the O-order, the +1-orders are dominant
below 1200 kHz, and the higher-order diffracted waves do not exist due to the smaller
lattice constant of the grating. Moreover, the lower cutoff frequency of the +1-
orders is 741 kHz, which is almost the same as that of the AAT system with m
= 1. Figure 3.11b shows the measured and simulated transmittance spectra of the
diffracted waves through the grating, along with those caused by a uniform plate.
As shown in Fig. 3.10a and 3.11b, the transmittance for LI is stronger than that for
the +=1-orders but is almost the same as that for the 0- and £1-orders. It is therefore
deduced that the enhanced sound transmission is attributed to the coupling of the
diffracted waves (0- and £1-orders) with the resonant surface states localized at the
interface between the grating and the brass plate [10]. However, this phenomenon
cannot be observed for a single uniform plate without the grating. As shown in
Fig. 3.11b, the transmittance is rather low for the uniform plate.

Furthermore, when the uniform brass plates are introduced into the AAT system,
the transmitted waves through the system form intrinsic Lamb modes in the plates,
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Fig. 3.11 a Angle distribution of diffracted waves through a single grating without a plate. b Simu-
lated and measured transmittance spectra of the diffracted waves through the grating, along with
those of sound through a uniform brass plate
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Fig. 3.12 a Dispersion curves of Lamb modes for a brass plate with a thickness of 1 mm immersed
in water, along with the water line (the blue dashed line). The vertical red line denotes the cutoff
frequency below which the Ap mode is non-leaky. b Angle distribution of Lamb modes for the brass
plate immersed in water, along with that of the +1-orders (the blue open circles)

which can be excited by the diffracted waves. It is well known that when a plate is
immersed in water, the energy of the Lamb modes will either leak or not, depending
on their phase velocities (relative to that of water). Figure 3.12a shows the dispersion
curve for a brass plate with a thickness of 1.0 mm immersed in water. We can see
that the zero-order Lamb modes Sy and A, are dominant in the AAT range (the
blue shaded region), while the higher-order modes do not exist due to their lower
cutoff frequencies. For the Sy mode, the dispersion curve lies above the velocity line
of water (the blue dashed line), making it leaky. However, for the Ay mode, below
a cutoff frequency, the dispersion curve lies below the water line: it is non-leaky
and cannot be excited by the incident wave in any direction due to the momentum
mismatch.

Figure 3.12b presents the output angle distribution of the Lamb modes at the
interface between the brass plate and the water, calculated by 6’ = arcsin (cw / cp),
where ¢}, is the phase velocity of the Lamb modes. As shown in Fig. 3.12b, the angle
curve of the Ayg mode intersects that of the £1-orders (the blue open circles) at point
B in the AAT range (the blue shaded region), and the frequency of point B is close
to 900 kHz, which corresponds to the frequency of maximum transmittance for m
= 3. Moreover, as shown in Fig. 3.9a, c, and e, the propagation angles of both UDB
and DDB are 58.4°, which matches that of the Ay mode at 900 kHz in Fig. 3.12b.
Therefore, it is straightforward to deduce that the enhanced AAT arises from the
leaky Ay mode in the brass plate, which is excited by the coupling of the diffracted
waves with the resonant surface states localized at the interface between the grating
and the plate.
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3.3.3 Performance Optimization

To further enhance the transmittance and rectifying ratio, we optimize the AAT
system by placing two inclined brass plates (with a thickness of 5 mm and a length
of 50 mm) with x-axis symmetry on the left side of the system. Figure 3.13 shows the
simulated intensity distributions caused by the AAT systems with m = 1, 2, and 3 at
900 kHz. The inclined angle between the plate and the incident wave is 50.2°, and the
coordinate at the center of the top inclined plate is set as (—22, 40 mm). As shown in
Fig. 3.13a, c, and e, the two reflected beams are reflected again by both inclined plates
and transmit through the AAT systems. It is noteworthy that the transmitted sound
energy of UDB and DDB is significantly enhanced. Meanwhile, for RI (Fig. 3.13b,
d, and f), a portion of the transmitted sound energy is also reflected by both inclined
plates and returns to the right side, which further enhances the rectifying ratio of the
AAT systems.

Figure 3.14 presents the measured and simulated transmittance spectra and recti-
fying ratios for the optimized AAT systems with m = 1, 2, and 3. We observe that the
measured and simulated transmittance spectra and rectifying ratios agree well with
each other. Compared with Fig. 3.10a—c, the sound transmission is enhanced for LI
but weakened for RI in Fig. 3.14a—c. The measured maximum transmittance reaches
0.97 for m = 1. Meanwhile, compared with Fig. 3.10d—f, the rectifying ratios are
much higher in Fig. 3.14d—f, and the measured maximum rectifying ratio is as high
as 10* for m = 3.

3.4 Performance Modulation of Acoustic Asymmetric
Transmission by a Metal Plate with Single-Sided
Periodic Gratings

3.4.1 Design of AAT System

The designed AAT system consists of a single-layer brass plate and a periodic brass
rectangular grating immersed in water [3]. Photographs of the system from both sides
are presented in Fig. 3.15a, b. As shown in Fig. 3.15a, the width (w) and length (/)
of the grating (the red dashed rectangle) are 72 mm and 120 mm, respectively. On
the opposite side (Fig. 3.15b), the width (w;) and length (I;) of the brass plate are
200 mm and 120 mm, respectively. Figure 3.15c¢ illustrates the cross-section of the
AAT system, where the plate thickness (%), the grating period (a), the width (s) and
thickness (d) of the rectangular unit, and the distance between the grating and plate
(b)are 1.0 mm, 2.4 mm, 0.6 mm, 1.0 mm, and 0.5 mm, respectively. The abbreviations
LI and RI represent the incident plane waves emanating from the grating and brass
plate sides, respectively. The COMSOL Multiphysics software is used to simulate
the performance of the AAT system. The material parameters are as follows: density
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Fig. 3.13 Simulated intensity distributions caused by the optimized AAT systems at 900 kHz: a LI
andbRIform=1;cLIanddRIform =2;eLlandf Rl form =3

p = 8400 kg/m?, longitudinal velocity ¢; = 4400 m/s, and transversal velocity ¢, =
2200 m/s for brass; and p = 997 kg/m® and ¢ = 1482 m/s for water. Additionally,
the width of the incident plane wave is set to 20 mm, matching the diameter of the
excitation transducer used in the experiment, and the initial pressure amplitude (Ipgl)
is selected as 1.0 Pa.

In the experiment, transmission spectra and intensity distributions are measured
using the well-known ultrasonic transmission technique [7, 8]. As schematically
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shown in Fig. 3.16, the AAT system is placed between a pair of ultrasonic excitation
and detection transducers (with central frequencies of 500 kHz, bandwidths of 250—
1100 kHz, and diameters of 20 mm) and is immersed in a water tank. The excitation
transducer is aligned normally toward the system at a distance of 12 cm. On the
opposite side, the detecting transducer scans the system along a semicircular path with
aradius of 5 cm, where the parameter 6 represents the rotation angle of the detecting
transducer. The measured transmittance spectra can be obtained by integrating the
transmitted sound energy.

3.4.2 Performance of AAT System

Figure 3.17 shows the measured and simulated transmission spectra of the AAT
system. A significant difference in the transmission spectra is observed for LI and RI
in the frequency range of 608—774 kHz (the black shaded region). The transmittance
is greater than 0.3 for LI and less than 0.05 for RI, indicating high performance of
the AAT system. The measured spectrum is in good agreement with the simulated
one.

Next, we simulate the intensity distributions through the AAT system for LI at three
selected frequencies within the pass band, as shown in Fig. 3.18. Each transmitted
wave (TW) is divided into two beams in the right region. The output angles (8) of
both beams are identical and decrease as the frequency increases. To exhibit the
output angles of these TWs, we measure the intensity distributions along the same
semicircular path on the right side for LI at 685, 705, and 725 kHz, as shown in
Fig. 3.19. The simulated results are also plotted for comparison. The maximum values
of the measured intensity occur at 65.9°,62.9°, and 59.6° in Fig. 3.19a—c, respectively,
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Fig. 3.18 Simulated intensity distributions (Ip/pol?) through the AAT system for LI at a 685 kHz,
b 705 kHz, and ¢ 725 kHz

which agree well with the simulated results. Furthermore, it is demonstrated that the
output angles decrease as the frequency increases.

3.4.3 Physical Mechanism

To study the relationship between the output angle of the TWs and the parameters
of the AAT system, we theoretically calculate the diffracted angles of the £1-order
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Fig. 3.19 Measured and simulated intensity distributions along the same semicircle path on the
right side for LI at a 685 kHz, b 705 kHz, and ¢ 725 kHz

diffractions caused by the grating with a = 2.4 mm and the leaky angles of the
asymmetric zero-order Lamb mode (Ag) in the brass plate with 2 = 1.0 mm immersed
in water, as shown in Fig. 3.20. Additionally, we plot the measured and simulated
output angles of the TWs at 685, 705, and 725 kHz. The angle distribution curve of
the Ap mode intersects that of the £ 1-order diffractions at 660 kHz, and the pass band
of the AAT system is distributed on both sides of the intersection point. This indicates
that the pass band of the AAT system is determined by the angle distribution curves
of the £1-order diffractions and the Ag mode, both of which are closely related to
the parameters a and 4. Moreover, the output angle of the TWs is close to that of the
+1-order diffractions. We deduce that when the angle of the 4-1-order diffractions is
the same as or close to the leaky angle of the Ay mode, the +-1-order diffractions can
transmit through the brass plate in the form of the TW. Therefore, the output angle of
the TW is primarily determined by the diffracted angle of the £1-order diffractions,
which are closely related to both parameters a and A.
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3.4.4 Performance Modulation

(1) Grating period a

First, we simulate the transmission spectra of the AAT systems by scaling the grating
period (a) by a factor of n for LI, as shown in Fig. 3.21. In the simulations, n(a)
ranges from 0.5 to 2, while the other parameters remain constant. As shown in
Fig. 3.21, increasing the value of a shifts the pass band of the AAT system to the
low-frequency region, covering a frequency range of 450-1180 kHz. Figure 3.22
shows the transmission spectra of the AAT systems with n(a) = 0.8 and 1.2 for LI
and RI. The pass bands are 785-990 kHz and 515-640 kHz for the AAT systems
with n(a) = 0.8 and 1.2, respectively, and the bandwidth of the AAT system with
n(a) = 1.2 is narrower than that with n(a) = 0.8. This suggests that the working band
of the AAT system is closely related to the parameter a.

Furthermore, to exhibit the output angle and its variation of the TW, we simulate
the intensity distributions through both AAT systems for LI. The incident frequencies
are selected as 910, 930, and 950 kHz for the AAT system with n(a) = 0.8 (Fig. 3.23a—
¢), and 550, 570, and 590 kHz for the AAT system with n(a) = 1.2 (Fig. 3.23d-
f). Compared with Fig. 3.23a—c, the output angles of the TWs are larger, and the
corresponding variation is more obvious in Fig. 3.23d-f.

Figure 3.24 shows the measured and simulated intensity distributions along the
same semicircle path on the right side for LI, which correspond to Fig. 3.23. We
observe that the measured maximum intensities exist at 59.6°, 57.7°, 56.3°, 71.7°,
66.4° and 62.4° in Fig. 3.24a—f, respectively. The output angles of the TWs caused by
the AAT system with n(a) = 1.2 (Fig. 3.24d-f) are larger than those with n(a) = 0.8
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Fig. 3.21 Simulated transmittance spectra of the AAT systems with the parameter a scaled by a
factor of n for LI
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Fig. 3.22 Simulated transmittance spectra of the AAT systems with n(a) = 0.8 and 1.2 for LI and
RI

(Fig. 3.24a—c), and the variation of the output angle is more obvious in Fig. 3.24d-f,
which agree with the results in Fig. 3.23a—f.

In addition, we theoretically calculate the angle distribution curves of the Ao mode
and the +-1-order diffractions for the AAT systems with n(a) = 0.8 and 1.2, as shown
in Fig. 3.25. The output angles of the TWs caused by the AAT systems with n(a) =
0.8 and 1.2 are also plotted. With the increase of n(a), the angle distribution curve
of the Ap mode remains unchanged, while that of the £1-order diffractions shifts
to the low-frequency region. Consequently, the intersection points of both curves
move to the low-frequency region, causing the pass band of the AAT system and
the excitation frequency of the TW to shift to the low-frequency region. Compared
with the angle distribution curve of the £ 1-order diffractions with n(a) = 0.8, the
diffracted angles and the curve gradient of the £ 1-order diffractions with n(a) =
1.2 are larger. Therefore, the output angles of the TWs increase and change more
significantly with n(a) = 1.2, and the pass band of the AAT system with n(a) = 1.2
is narrower than that with n(a) = 0.8, as also shown in Fig. 3.22.

(2) Grating period a and plate thickness A

Next, we simulate the transmission spectra of the AAT system by simultaneously
scaling both parameters a and & by a factor of n for LI, as shown in Fig. 3.26. In
the simulations, n(a, h) ranges from 0.5 to 2, while the other parameters remain
unchanged. The working band of the AAT system covers a frequency range of 400—
1350 kHz for different values of n(a, h). Compared with the results in Fig. 3.21, the
working band of the AAT system becomes wider, and the transmittance in the high-
frequency region is larger in Fig. 3.26. Figure 3.27 shows the transmission spectra of
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Fig. 3.23 Simulated intensity distributions through the AAT systems with n(a) = 0.8 at a 910 kHz,
b 930 kHz, and ¢ 950 kHz, and with n(a) = 1.2 at d 550 kHz, e 570 kHz, and f 590 kHz

the AAT systems with n(a, h) = 0.8 and 1.2 for LI and RI. The working band shifts
to the low-frequency region as n(a, k) increases, covering the ranges of 778-948 and
501-653 kHz for the AAT systems with n(a, h) = 0.8 and 1.2, respectively, similar
to the results in Fig. 3.22. However, the transmittances for LI are larger than those
in Fig. 3.22, especially for n(a, h) = 0.8.

Figure 3.28 shows the simulated intensity distributions through the AAT systems
for LI, with incident frequencies selected as 855, 875, and 895 kHz for n(a, h) =
0.8 (Fig. 3.28a—c) and 570, 590, and 610 kHz for n(a, h) = 1.2 (Fig. 3.28d—f). The
output angles of the TWs and their variation in Fig. 3.28a—c are similar to those in
Fig. 3.28d-f.

Figure 3.29 shows the measured and simulated intensity distributions along the
same semicircular path on the right side for LI, corresponding to Fig. 3.28, respec-
tively. The maximum intensities occur at 65.7°, 63.7°, 61.3°, 66.7°, 62.5°, and 58.8°
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Fig. 3.24 Measured and simulated intensity distributions along the same semicircle path on the
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right side for LI caused by the AAT systems with n(a) = 0.8 ata 910 kHz, b 930 kHz, and ¢ 950 kHz,
and with n(a) = 1.2 at d 550 kHz, e 570 kHz, and f 590 kHz
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Fig. 3.25 Angle distribution curves of the Ag mode, &=1-order diffractions, and TWs for the AAT
systems with n(a) = 0.8 and 1.2

in Fig. 3.29a—f, respectively. The output angles of the TWs and their variation for
the AAT system with n(a, h) = 0.8 (Fig. 3.29a—c) are similar to those with n(a, h)
= 1.2 (Fig. 3.29d—f), consistent with the results in Fig. 3.28a—f. However, compared
with Fig. 3.24a—c, the output angles of the TWs and their variation are larger in
Fig. 3.29a—c, resulting from the simultaneous variation of both parameters a and A.
Figure 3.30 illustrates the angle distribution curves of the £1-order diffractions
and the Ap mode for the AAT systems with n(a, h) = 0.8 and 1.2. The output angles
of the TWs generated by both AAT systems are also presented. It can be observed
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Fig. 3.26 Simulated transmittance spectra of the AAT systems with the parameters a and
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Fig. 3.27 Simulated transmittance spectra of the AAT systems with n(a, #) = 0.8 and 1.2 for LI
and RI

that by simultaneously increasing both parameters a and A, the angle distribution
curves of the £ 1-order diffractions and the Ay mode shift to the low-frequency region
concurrently. Additionally, the diffracted angles and the curve gradient of the +1-
order diffractions for the AAT systems with n(a, k) = 0.8 and 1.2 remain identical.
As aresult, the output angles of the TWs and their variation are very similar, and the
bandwidth of the AAT systems with n(a, i) = 0.8 and 1.2 is also comparable.
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Fig. 3.28 Simulated intensity distributions through the AAT systems with n(a, h) = 0.8 at
a 855 kHz, b 875 kHz, and ¢ 895 kHz, and with n(a, h) = 1.2 at d 570 kHz, e 590 kHz, and
f 610 kHz

3.5 Multi-Band Acoustic Asymmetric Transmission
by Dual-Layer Metal Plates with Two-Sided Gratings

3.5.1 Design and Performance of Multi-band AAT System

The multi-band AAT system consists of two brass plates immersed in water, with two
periodic rectangular gratings of different periods placed on both sides of the dual-
layer plates [4]. The left and right sides of the system are schematically illustrated
in Fig. 3.31a, b, respectively. The characteristics of the AAT system are simulated
using the COMSOL Multiphysics software. The structure parameters are as follows:
ap=3.6mm,a, =24 mm,b=3.0mm,c =08 mm, 27 =1.0 mm, d; = 0.4 mm,
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Fig. 3.29 Measured and simulated intensity distributions along the same semicircle path on the
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Fig. 3.30 Angle distribution curves of the Ag mode, £ 1-order diffractions, and TWs for the AAT
systems with n(a, h) = 0.8 and 1.2

and d, = 0.4 mm. The material parameters are as follows: density p = 8400 kg/
m?, longitudinal wave velocity ¢; = 4400 m/s, and transversal wave velocity ¢; =
2200 m/s for brass; p = 998 kg/m?® and ¢ = 1483 m/s for water. Throughout this
work, the normal incidence of sound from the left and right sides of the system is
defined as left incidence (LI) and right incidence (RI), respectively.

Figure 3.32a presents the simulated transmittance spectra of the AAT system for
LI and RI. It shows that the transmittance spectra exhibit a significant difference
between LI and RI, and the AAT phenomenon exists in four bands below 1500 kHz:

I: 431-506 kHz, II: 635-768 kHz, III: 955-1064 kHz, and IV: 1346-1430 kHz,
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Fig. 3.31 Schematic of the a left and b right sides of the multi-band AAT system

as indicated by the black shaded regions. We can see that in bands I and III, the
transmittance for LI is high, while that for Rl is very low. Additionally, the maximum
transmittance for LI is about 0.8 at 480 kHz in band I, which is larger than that in band
III. Conversely, in bands II and IV, RI is associated with high transmittance, while
for LI, the transmittance is close to zero. Moreover, the maximum transmittance for
RI reaches 0.90 at 670 kHz in band II, which is larger than that in band IV.

To evaluate the performance of the AAT system, we calculate the contrast ratio
based on Eq. (3.1). Figure 3.32b presents the contrast ratio of the system. It is noted
that the contrast ratios of the multi-band AAT system are larger than 0.8 (the grey
shaded regions) and can reach up to 0.95 in the ranges 640-730, 980-1060, and
1350-1390 kHz, indicating that the system has good multi-band AAT performance.

3.5.2 Physical Mechanism

To investigate the mechanism of multi-band AAT, we examine the Lamb modes in the
brass plate and the diffracted waves excited by both types of gratings. We analytically
calculate the leaky angles of the Lamb modes in a brass plate with a thickness of
1.0 mm and the angles of diffracted waves from the two gratings with periods of
3.6 (Fig. 3.33a) and 2.4 mm (Fig. 3.33b) immersed in water [11]. The black shaded
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regions represent the AAT bands. As shown in Fig. 3.33a, the angle curve of the +1-
order diffracted waves intersects that of the Ay mode at point A (425 kHz) and that
of the Sy mode at point C (1020 kHz). Additionally, the angle curve of the £2-order
diffracted waves intersects that of the Ag mode at point B (990 kHz). It is worth
noting that band I distributes on both sides of point A, and band III distributes on
both sides of points B and C. As shown in Fig. 3.33b, the grating period is decreased
from 3.6 to 2.4 mm, but the plate thickness remains constant. We can see that the
angle curve of the +1-order diffracted waves intersects those of the Ay mode and
S mode at points D (682 kHz) and E (1392 kHz), respectively. Thus, bands II and
IV distribute on both sides of points D and E, respectively.

Based on the aforementioned results, when the angles of the diffracted waves
are the same as or close to the leaky angles of the Lamb modes, the diffraction
can transmit through the system. Meanwhile, on the other side, the angles of the
diffracted waves and the Lamb modes differ significantly, and the diffractions do not
exist. Thus, little sound energy can transmit through the system, forming the AAT
phenomenon. Additionally, the transmittance in bands I and II is larger than that
in bands III and IV due to the difference in sound energy for different diffractions.
Therefore, the multi-band AAT is attributed to the interaction of various diffracted
waves generated from the two-sided gratings with different periods and the Lamb
modes in the brass plate.

Next, we simulate the intensity distributions caused by a unit cell with a width
of 7.2 mm in the AAT system and the total displacement distributions in the brass
plates. The unit cell exactly covers two and three periods of the gratings on the left
and right sides, respectively. As shown in Fig. 3.34a—c, the incident frequencies are
selected in bands I and III, such as 468 (Fig. 3.34a), 988 (Fig. 3.34b), and 1038 kHz
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(Fig. 3.34c). It is seen that most of the sound energy can transmit through the system
for LI at these frequencies, and the transmitted energy at 468 kHz is significantly
larger than that at 988 and 1038 kHz. Conversely, negligible transmission is observed
for RI, as little sound energy can transmit through the system. Figure 3.34d—f present
the total displacement distributions in the brass plate, corresponding to Fig. 3.34a—
¢, respectively. The vibration configurations in the brass plates demonstrate that the
excited Lamb modes are a typical Ay mode at 468 and 988 kHz, but a typical Sp mode
at 1038 kHz, indicating that band I stems from the Ag mode, and band III is closely
related to both the Ay and Sy modes, which agrees with the results in Fig. 3.33a.

Additionally, as presented in Fig. 3.35a, b, the incident frequencies are selected
as 660 kHz (band IT) and 1380 kHz (band IV). Compared with Fig. 3.34a—c, the AAT
phenomenon exhibits an opposite effect for LI and Rl in Fig. 3.35a, b. Rl is associated
with high transmitted acoustic energy, while for LI, the transmitted energy is quite
weak. Furthermore, it is found from Fig. 3.35c¢, d that the excited Lamb modes are
the Ay mode at 660 kHz and the Syp mode at 1380 kHz, respectively, indicating that
band II arises from the Ay mode and band IV stems from the Sy mode. This agrees
well with the result in Fig. 3.33b.

3.5.3 Experimental Measurement

To verify the results, we experimentally measure the transmittance spectra of the
AAT system. The photographs of the sample on both sides are shown in Fig. 3.36a,
b, respectively. The width (w) and length (/) of both gratings (the red dashed open
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of displacement distributions in the brass plate for RI at ¢ 660 kHz and d 1380 kHz

rectangle) are 72 and 120 mm, covering 20 and 30 periodic unit cells of the gratings
on the left and right sides, respectively. Additionally, the width (w) and length (I;)
of the two brass plates are 200 and 120 mm, and the other structure parameters are
the same as those in Fig. 3.31. In the measurement, the sample is placed between two
broadband ultrasonic transducers, one as the generator and the other as the detector,
immersed in a water tank. Due to bandwidth limitations, two pairs of ultrasonic
transducers (with diameters of 20 mm) are adopted to fully cover the working bands
of the AAT system from 300 to 1500 kHz. One pair operates at a central frequency of
500 kHz and a bandwidth of 250-1100 kHz, and the other pair at a central frequency
of 1000 kHz and a bandwidth of 700-1600 kHz. The generation transducer is aligned
normally towards the sample at a distance of 12 cm. On the other side, the detection
transducer is set around the sample at the same distance. The measured transmittance
spectra are obtained by integrating the total transmitted sound energy.

Figure 3.37a shows the measured transmittance spectra for LI and RI in the
frequency range of 400-1500 kHz. The corresponding simulations are plotted for
comparison. The structure parameters are the same as those in Fig. 3.36. It is
observed that the measured transmittance spectra agree with the simulated results.
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Fig. 3.36 Photographs of - 4 R e ’
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However, there is a small difference in amplitude between the two types of results
in bands II-IV, as the geometrical and material parameters of the sample are not
precisely determined, and part of the loss and absorption is inevitably caused by
the water environment, especially in the high-frequency region (bands III and IV).
Figure 3.37b exhibits the measured and simulated contrast ratios of the system, and
the measurements still agree with the simulations in the four AAT bands.

3.6 Ultra-Broadband Acoustic Asymmetric Transmission
by a Metal Plate with a Right Triangle Reflector

3.6.1 Design and Performance of Ultra-Broadband AAT
System

As schematically shown in Fig. 3.38, the ultra-broadband AAT system consists of
a brass plate and a right triangle reflector immersed in water [5]. The abbrevia-
tions LI and RI indicate that the acoustic waves are normally incident from the left
and right sides of the system, respectively. For LI, the incident wave is first reflected
by the triangle reflector with a base angle 6, and then reaches the brass plate with an
incident angle a = 180° — 26. However, for RI, the incident wave impinges directly
on the brass plate with o = 0°. Throughout this work, the COMSOL Multiphysics
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Fig. 3.37 a Measured and simulated transmittance spectra of the multi-band AAT system for LI
and RI and b its contrast ratios

software is used to simulate the AAT characteristics. The structural parameters are d
= 3.0 mm, / = 30.0 mm, and 4 = 1.0 mm. The material parameters are as follows:
density p = 8400 kg/m?, longitudinal wave velocity ¢; = 4400 m/s, and transversal
wave velocity ¢; = 2200 m/s for brass; p = 998 kg/m* and ¢ = 1483 m/s for water
at 296 K. Additionally, the width of the plane acoustic wave is 20 mm.

Figure 3.39a—c show the simulated transmittance spectra of the AAT systems
with base angles 8 = 58°, 60°, and 62° for LI and RI, corresponding to a = 64°,
60°, and 56°, respectively. The AAT effect is observed in the frequency ranges of
428-901 kHz, 547-1038 kHz, and 720-1267 kHz for the systems with 6 = 58°,
60°, and 62°, respectively, as indicated by the black shaded regions. The maximum
bandwidth of the AAT system with 6 = 62° reaches 550 kHz, which is significantly
wider than previous broadband AAT systems [12—-16]. Additionally, the peaks of the
transmittance spectra for LI are located at 693 kHz, 819 kHz, and 1018 kHz for the
systems with 6 = 58°, 60°, and 62°, respectively. This indicates that as § increases,
the working band of the AAT system becomes wider and shifts to higher frequencies.
To quantify the AAT performance, we calculate the contrast ratio of the AAT system
based on Eq. (3.1). Figure 3.39d-f present the simulated contrast ratios for the AAT
systems with different values of 8, corresponding to Fig. 3.39a—c, respectively. In
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the black shaded regions, most of the contrast ratios are close to 1.0, indicating that
the systems exhibit high AAT performance.

Figure 3.40 shows the intensity distributions caused by the AAT systems with 6
= 58°, 60°, and 62°, where the incident frequencies are selected as 693, 819, and
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Fig. 3.39 Simulated transmittance spectra of the ultra-broadband AAT systems for a 6 = 58°,
b 60°, and ¢ 62°, and contrast ratios for d 8 = 58°, e 60°, and f 62°
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Fig. 3.40 Simulated intensity distributions caused by the ultra-broadband AAT systems with a 6 =
58°at 693 kHz, b § = 60° at 819 kHz, and ¢ § = 62° at 1018 kHz for LI, and d—f the corresponding
intensity distributions for RI. Insets in (a—c) show the simulated deformation of displacement
distributions in the brass plate for LI. The black arrows represent the vibration directions of the
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1018 kHz, respectively. For LI (Fig. 3.40a—c), the incident waves are first reflected by
the triangle reflectors with 8 = 58°, 60°, and 62°, and then reach the brass plates with
a = 64°, 60°, and 56°, respectively. Finally, the waves transmit through the brass
plates, forming single sound beams. However, for RI (Fig. 3.40d—f), the incident
angle a = 0°, and the incident sound energy is almost entirely reflected.

3.6.2 Physical Mechanism

As shown in insets of Fig. 3.40a—c, the deformation of displacement distributions in
the brass plate are also simulated. Note that the asymmetric zero-order Lamb wave
(A mode) is excited for LI. Generally, when the phase velocity ¢, of the Lamb wave
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in the brass plate is greater than the bulk velocity c,, of water, the Lamb wave can
couple sound energy into water, leading to a leaky bulk wave at a critical angle. The
leakage angle 6 = sin™'(cy/cp) [3, 17].

Figure 3.41 shows the leaky angle distribution of the Ag mode, where the frequen-
cies at points A, B, and C are 693, 819, and 1018 kHz, corresponding to the leaky
angles of the Ay mode at 64°, 60°, and 56°, respectively. These frequencies and
angles match the values of « in Fig. 3.40a—c. Additionally, the Ay mode in the brass
plate can be excited when the incident angle of the external wave is the same as or
close to the leaky angle at a certain frequency. Therefore, sound energy can pass
through the brass plate, as shown in Fig. 3.40a—c. However, in Fig. 3.40d—f, there is
a significant difference between the incident angles and the leaky angles, resulting
in little sound energy transmitting through the brass plate. Furthermore, as shown in
Fig. 3.41, the gradient of the leaky angle curve of the Ay mode at point C is smaller
than those at points A and B, which explains why the working band of the AAT
system becomes wider as a decreases. It is deduced that the AAT effect is attributed
to the asymmetric excitation of the Ay mode in the brass plate caused by the angle of
the external wave, and the bandwidth of the AAT can be determined by the gradient
of the leaky angle curve.

3.6.3 Experimental Measurement

In the AAT system, the right triangle reflector is used to adjust the incident angle
of sound for LI, and thus it is replaced by a rotating transducer in the experiment.
Figure 3.42 shows the schematic of the experimental set-up. The brass plate, with a
thickness of 1.0 mm, is placed between two broadband ultrasonic transducers—one
as a generator and the other as a detector—immersed in a water tank. Due to the band-
width limitation, two pairs of ultrasonic transducers with diameters of 20 mm are used
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to fully cover the working range of the AAT from 300 to 1500 kHz. One pair operates
with a bandwidth of 250-1100 kHz and a central frequency of 500 kHz, while the
other pair operates with a bandwidth of 700-1600 kHz and a central frequency of
1000 kHz. The generation and detection transducers are obliquely positioned towards
the center of the brass plate at the same distance of 10 cm, and the incident angles of
the generation transducer are set to 64°, 60°, and 56°, corresponding to the values of
o for LI in Fig. 3.40a—c, respectively. Additionally, the incident angle of 0° is also
measured, corresponding to RIL.

Figure 3.43 shows the measured transmittance spectra of the brass plate for
different incident angles, with the corresponding simulations plotted for compar-
ison. The measured transmittance spectra agree well with the simulated results.
Moreover, as shown in the black shaded regions, the transmittance spectra agree
with the working bands of the AAT in Fig. 3.39a—c, demonstrating the performance
of the AAT system.

3.6.4 Performance Optimization

Based on the mechanism of AAT, we achieve an ultra-broadband AAT system with
a single transmitted beam under the excitation of an external wave with o = 48°.
Figure 3.44a, b show the simulated transmittance spectra and contrast ratios of the
ultra-broadband AAT system with § = 66°, respectively. Note that the working band
of the AAT is 1320-3320 kHz (the black shaded region), and the bandwidth can
reach up to 2000 kHz. Additionally, the maximum transmittance for LI is 0.65 at
2320 kHz, while the transmittance for RI is close to zero. Furthermore, as shown in
Fig. 3.44b, most of the contrast ratios are close to 1.0 in the black shaded region,
indicating that the system exhibits good ultra-broadband AAT performance.

As shown in Fig. 3.41, the frequency and the leaky angle at point D are 2320 kHz
and 48°, respectively. The leaky angle of the Ay mode and the frequency at point D
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match the incident angle and the frequency of the maximum transmittance for LI in
Fig. 3.44a. Therefore, the ultra-broadband AAT arises from the excitation of the A
mode. Moreover, the gradient of the leaky angle curve of the Ay mode at point D is
much smaller than that at points A, B, and C. Consequently, the working band of the
AAT reaches 2000 kHz, which is significantly wider than previous broadband AAT
systems.

3.6.5 Performance Modulation

Figure 3.45a, b show the simulated transmittance spectra of the AAT systems with
plate thicknesses 7 = 0.8 mm and 1.2 mm, respectively, where the other parameters
are the same as those in Fig. 3.39¢c. As shown in Fig. 3.45a, b, the working bands of
the AAT are 895-1600 kHz and 585-1068 kHz, respectively. Note that as & increases,
the working band of the AAT becomes narrower and shifts to lower frequencies.

Figure 3.46 displays the leaky angle curve of the Ay mode in brass plates with
thicknesses of 0.8 and 1.2 mm, where the leaky angles at points E and F are both
56°. As hincreases, the leaky angle curve of the Ay mode shifts to lower frequencies,
and thus the frequencies at points E and F are 835 kHz and 1252 kHz, respectively.
Additionally, the AAT effect occurs when the incident angle of the external wave
is the same as or close to the leaky angle of the Ay mode. Therefore, the working
bands of the AAT systems are 895-1600 kHz and 585-1068 kHz for 2 = 0.8 mm and
1.2 mm, respectively. Furthermore, the gradient of the leaky angle curves of the A
mode at point F is lower than that at point E, which explains why the working band
of the AAT becomes narrower as 4 increases. Therefore, in addition to the incident
angle, the working band of AAT is also closely related to the plate thickness.
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Fig. 3.45 Simulated transmittance spectra of the AAT systems with a # = 0.8 mm and b 1.2 mm



References 93

Fig. 3.46 Theoretically 90 T
calculated leaky angle I 1
distribution of the Ap mode \ - — - h=0.8 mm
in brass plates with 7 = 80} \ B=1 B
0.8 mm and 1.2 mm in water e '

<

8

© 70

=)

=

o

-

E 60

|

50
PR (T IRV T
0 0.4 0.8 1.2 1.6 2.0

Frequency (MHz)

3.7 Conclusion

This chapter focuses on the design and experimental demonstration of under-
water AAT systems using plate-like metamaterials. Four types of AAT systems are
discussed: a single-sided periodic grating, multi-layer plates with periodic gratings,
a brass plate with a periodic grating, and a multi-band AAT system with dual-layer
plates. The AAT effect is achieved through the interaction of diffracted waves and
Lamb modes in the brass plates, leading to high transmission in one direction and low
transmission in the opposite direction. The systems are numerically simulated and
experimentally validated, showing high rectifying ratios and tunable working bands.
The physical mechanisms, such as the excitation of leaky Ay modes and the role of
grating periods, are thoroughly analyzed. The chapter concludes with the design of
an ultra-broadband AAT system, demonstrating the potential applications of these
systems in medical ultrasound imaging and underwater communication.
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Chapter 4 )
Acoustic Asymmetric Transmission e
by Airborne Metamaterials

4.1 Introduction

Acoustic airborne metamaterials are artificial structures designed based on acoustic
theory, exhibiting specific acoustic characteristics that differ from natural materials.
These characteristics include A AT, acoustic invisibility, AF, and sound absorption and
isolation. By precisely designing the shape and size of airborne metamaterials, sound
manipulation and these exotic phenomena can be achieved. In practical applications,
certain scenarios require open structures (such as windows and tunnels) with the
AAT effect. For example, in hospitals, doctors need to hear patients’ voices in the
ward, while patients should not hear external sounds. Thus, the design of airborne
AAT window/tunnel structures holds great potential in architectural acoustics and
mechanical engineering.

In this chapter, we numerically design and experimentally demonstrate four types
of AAT systems using airborne metamaterials. First, we design a broadband AAT
tunnel/window with ultrathin metasurfaces [1]. The AAT effect arises from asym-
metric sound manipulation caused by the metasurfaces, i.e., multiple reflections of
sound and an acoustic blind region (ABR) for the left and right sides, respectively.
The fractional bandwidth (the ratio of the bandwidth to the center frequency) of
the AAT tunnel/window is 0.36, showing a broadband characteristic. Second, we
propose an AAT tunnel attached with two pairs of triangle cavities of different sizes
on both sides [2]. The AAT effect arises from asymmetric multiple scatterings caused
by the triangle cavities. Moreover, the AAT tunnel exhibits high robustness against
the excitation of a cylindrical sound source. Third, we design a multi-channel AAT
lens composed of twelve mode-conversion meta-atoms [3]. The AAT effect arises
from the cutoff frequency of the first-order wave caused by the step waveguide of
the meta-atom, with a fractional bandwidth of 0.37. Interestingly, the AAT effect can
be reversed under the incidence of the first-order wave. Finally, we propose an AAT
prism composed of 31 phased unit cells, each consisting of n-layer meta-atoms with
different discrete phase delays [4]. The fractional bandwidth of the AAT prism s 0.26,
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attributed to asymmetric phase distributions caused by the non-parallel characteristic
of exit interfaces on both sides of the prism. Furthermore, by tuning the parameters
of the meta-atoms, a reversed AAT prism is also demonstrated. The designed AAT
systems hold great potential in various applications, including architectural acoustics,
noise control, and acoustic functional components.

4.2 Broadband Acoustic Asymmetric Transmission
by Open Tunnel and Window Structures with Ultrathin
Metasurfaces

4.2.1 Design and Performance of AMs

Figure 4.1a shows the propagation paths of incident and reflected waves through an
AM with a phase gradient —k < dg/dx <0, where k = 2n/A is the wave vector, and 4 is
the wavelength. The incident (reflected) angle is defined as the angle between the
direction of the incident (reflected) wave and the normal line of the metasurface.
The signs 4+ and — of the incident (reflected) angle correspond to anti-clockwise
and clockwise directions, respectively. Based on Eq. (2.41), we can calculate the
reflected angle 6, caused by the metasurface under the excitation of an acoustic wave
with an incident angle of 6;.

As shown in Fig. 4.1a, under the effect of the AM, the reflected waves R; and
R, with angles 6,; and 6, are generated from the incident waves I; and I, with
angles /2 and 0, respectively. Note that as the incident angle decreases from n/2 to
0, the corresponding reflected angle changes from 6;; to 8, (6;, < 0). Therefore, the
acoustic wave from the left side cannot reach the red shaded region on the right side,
defined as ABR. Meanwhile, based on the reciprocity principle, when the incident
wave from the right side is in the ABR (from —n/2 to —6,), the acoustic wave is

AM (-k<de /dx<0)

g, ;
r ABR :
g
| Reflected wave
}'[ . R, L R; . T 1T 1
| a Incident wave b

Fig. 4.1 a Schematic of different reflection paths caused by an AM with —k < dp/dx <0, and b a
hooklike meta-atom
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reflected back and cannot reach the left side. The existence of the ABR provides
more possibilities for manipulating acoustic propagation paths and realizing AAT.

Figure 4.1b shows the structure of an ultrathin hook-like meta-atom made of
epoxy resin. The length of the meta-atom, the height of the cavity, the thickness of
the wall, and the thickness and length of the hook are /, b, e, ¢, and d, respectively.
In the hook-like meta-atom, the parameter d is tailored to yield the desired phase
delays, while the parameters /, b, e, and ¢ are fixed and selected as 42.0 mm, 6.0 mm,
1.5 mm, and 3.0 mm, respectively. The reflected wave is significantly delayed after
the incident wave normally impinges on the hook-like meta-atom. Here, we use the
COMSOL Multiphysics software to simulate acoustic propagation. In the model,
the material parameters are as follows: density p = 1180 kg/m?, longitudinal wave
velocity ¢; = 2720 m/s, and transversal wave velocity ¢; = 1460 m/s for epoxy resin;
and p = 1.21 kg/m? and ¢ = 343 m/s for air.

Figure 4.2 shows the reflected phase delays caused by the hook-like meta-atoms
with different values of d. It is noted that as d increases, the reflected phase delay
covers a range of 1.7xn. Here, we select eight values of d (the red open circles): 9.0,
15.9, 17.9, 19.1, 20.0, 20.7, 21.4, and 22.2 mm, which can realize discrete phase
delays from —0.75xn to 0.30x in steps of 0.15w. To present the reflected phase delays
of the hook-like meta-atoms, we simulate the reflected pressure distributions caused
by the selected eight meta-atoms. The hook-like meta-atoms can achieve a gradual
change of the reflected phase delay over a large range, as shown in Fig. 4.3.

It is important to note that for the control of sound reflections in Fig. 4.1, the
most critical factor is a constant phase gradient of the metasurface rather than full
coverage of 2n. Based on the hook-like meta-atoms, the thickness of the designed
metasurfaces (b 4 t = 9.0 mm) is about A/12, which is much thinner than previously

Fig. 4.2 Simulated reflected 1.0F
phase delays of hooklike
meta-atoms with different
values of d at 3.0 kHz

0.5

0 10 20 30
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p (Pa)

Fig. 4.3 Simulated reflected pressure distributions caused by the eight selected hooklike meta-
atoms at 3.0 kHz

applied metasurfaces [5—7] and triangular cavities [2] in tunnel and window struc-
tures. Therefore, the metasurfaces composed of hook-like meta-atoms can be used
to design AAT windows with ultrathin blades.

Based on Eq. (2.41), we can manipulate the reflected angle 6; of sound by
designing a metasurface with a desired phase gradient along the x direction. Here,
we select the reflected angles 6, = 60° and 45° with the incident angle 8; = 90°
at 3.0 kHz as examples, and use eight and seven hook-like meta-atoms to design
the AMs with 6, = 60° and 45°, respectively. The discrete phase delays of the
metasurfaces corresponding to the theoretically continuous phase gradients dep(x)/
dx = —7.36 and —16.10 are presented in Fig. 4.4a, b, respectively.

Figure 4.5a schematically shows the reflection paths caused by the AM with 6;
= 90°. In this case, the incident wave is reflected by the AM with the angle 6,;.
Fig. 4.5b, ¢ show the simulated pressure distributions caused by the metasurfaces
with dp(x)/dx = —7.36 and —16.10 with 8; = 90°, respectively, where the black
open arrows refer to the theoretical sound reflections with 8;; = 60° and 45°. It
shows that the reflected waves propagate along the black open arrows, which agree
well with the theoretical predictions. Furthermore, for the normal incidence of sound
(6; = 0°), the reflection paths caused by the metasurface are presented in Fig. 4.5d.
The theoretical reflected angles 6, can be calculated as —7.7° and —17.0° for the
metasurfaces with dp(x)/dx = —7.36 and —16.10, respectively. The reflected waves
also agree with the theoretical values, as shown in Fig. 4.5e, f. These results indicate
that the metasurfaces composed of hook-like meta-atoms can effectively manipulate
acoustic reflection paths.
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Fig. 4.4 Theoretically continuous phase distributions and discrete phase delays of the metasurfaces
with a dg(x)/dx = —7.36 and b —16.10. The values of the parameter d are 4.0, 13.9, 16.3, 17.6,
18.5,19.2, 19.8, and 20.3 mm for the metasurface with dp(x)/dx = —7.36, and 4.0, 14.6, 18.0, 19.6,
20.7,21.7, and 23.0 mm for the metasurface with dp(x)/dx = —16.10

4.2.2 Design and Performance of AAT Tunnel

Using the metasurface with the phase gradient dg(x)/dx = —7.36 in Fig. 4.4a, we
design a broadband AAT tunnel [1], as shown in Fig. 4.6. A pair of metasurfaces are
attached symmetrically on both sides of a straight tunnel with a width w = 13 cm,
which is close to the center wavelength of 11.4 cm. The normal incidence of acoustic
waves from the left and right sides of the AAT tunnel (the red arrows) are defined as
LI and RI, respectively.

Figure 4.7 shows the simulated transmittance spectra of the AAT tunnel for LI and
RI. In the range 2.74-3.39 kHz (the black shaded region), the transmittance spectra
exhibit an obvious AAT phenomenon, where the transmittance is greater than 0.6 for
LI but lower than 0.2 for RI. Thus, the fractional bandwidth is calculated as 0.21.
Figure 4.8a, b show the simulated pressure distributions caused by the AAT tunnel
for LI and RI, respectively. There is a significant difference between the transmitted
pressure distributions for LI and RI. The acoustic wave can transmit through the AAT
tunnel for LI, while the sound energy is mostly reflected back, resulting in negligible
transmission for RI.

4.2.3 Physical Mechanism of AAT Tunnel

Next, we discuss the mechanism of the AAT tunnel. Figure 4.9a shows the prop-
agation path for LI. To simplify the analysis, we assume that the incident wave
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Fig. 4.5 a Schematic of reflection paths caused by the metasurface for the grazing incidence of
sound, and simulated pressure distributions caused by the metasurfaces with b dp(x)/dx = —7.36
and ¢ —16.10 at 3.0 kHz. d Schematic of reflection paths caused by the metasurface for the normal
incidence of sound, and simulated pressure distributions caused by the metasurfaces with e dp(x)/
dx = —7.36 and f —16.10 at 3.0 kHz. The black open arrows indicate the theoretical directions of
sound reflection

Fig. 4.6 Schematic of the
AAT tunnel. The red arrows
represent incident acoustic
waves
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Fig. 4.7 Simulated
transmittance spectra of the
AAT tunnel for LI and RI in
Fig. 4.6
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propagates along the upper metasurface. Based on the generalized Snell’s law, the
first reflected wave from the upper metasurface reaches the lower metasurface and
undergoes further reflection, leading to multiple reflections between both metasur-
faces. The multiple reflected angles can be calculated based on Eq. (2.41), as shown
in Fig. 4.9¢c, where I; and R; represent the incident wave and the i-th reflected wave,
respectively. For the metasurface with dp(x)/dx = —7.36, the angles of I}, R;, Ry, R3,
and Ry are calculated as 90°, 60°, 47°, 36.7°, and 27.6°, respectively. All reflected
angles are positive, indicating that the acoustic wave can pass through the AAT tunnel
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Fig. 4.9 Schematic of acoustic propagation paths for a LI and b RI, and ¢ reflected directions of
i-th reflections for LI

with a limited length. Conversely, the incident wave in the opposite direction cannot
reach the left side for RI due to the ABR, as shown by the red arrows in Fig. 4.9b.

To demonstrate this, we simulate the reflectance spectra with different incident
angles for RI, as shown in Fig. 4.10. For the metasurface with dg(x)/dx = —7.36,
the range of the ABR is from —60° to —90°. Thus, we select a series of incident
angles: —90°, —80°, and —70° in region I (inside the ABR); and —60° and —45° in
region II (outside the ABR). In the cases of —90°, —80°, and —70°, the reflectances
are greater than 0.5 in the range 2.75-3.40 kHz. Especially at —90°, the reflectance
is greater than 0.8 in the range 2.75-3.17 kHz and reaches about 1.0 at 2.80 kHz,
indicating that most of the sound energy for RI is reflected back directly. However,
the reflectance is close to zero for —60° and —45°, indicating that the effect of the
ABR is negligible. Therefore, we deduce that the AAT phenomenon arises from
multiple reflections for LI and the ABR for RI.

4.2.4 Experimental Measurement of AAT Tunnel

To further verify the AAT effect, we experimentally measure the transmittance spectra
and the transmitted pressure distributions for LI and RI. The experimental set-up is
shown in Fig. 4.11a. The tunnel attached with the metasurfaces is extended along
the right to concentrate the transmitted sound energy. A loudspeaker array is located
1.6 m away from the sample to generate the incident plane wave. Two 0.25 inch-
diameter Briiel & Kjar type-4961 microphones are used to detect acoustic pressure
distributions. Microphone 1 is located in the scanning region, and microphone 2
is fixed near the loudspeaker array as a reference to obtain the phase of the sound
signals. Using the software PULSE Labshop, we measure the pressure distributions
by recording the pressure magnitude and phase at each position in the scanning
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Fig. 4.10 Simulated

reflectance spectra of the 1.0
AAT tunnel with different

incident angles for RI
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region. In the measurement of the transmittance spectra, the transmittance is obtained
by integrating the acoustic intensities at each position in the scanning region with
and without the metasurfaces. Figure 4.11b shows the photograph of the sample,
in which the selected values of e, ¢, b, [, and w are the same as those in Fig. 4.4a.
Figure 4.12 presents the measured and simulated transmittance spectra of the sample
for LI and RI. The measured spectra agree with the simulated ones in the range
2.74-3.39 kHz. However, there is a slight difference between the two results due to
undesired reflected sound energy in the measurement.

Figure 4.13a, b show the comparison between the measured and simulated pres-
sure distributions through the sample for LI and RI, respectively. In the measurement,
we scan two square regions with a size of 10 x 10 cm?, as marked by two red open
squares (R1 and R2) in Fig. 4.13. As shown in Fig. 4.13a, the measured pressure
distribution for LI in the scanning region is clear and large, which agrees well with the
simulated result. For RI, both the measured and simulated pressures are close to zero,
as shown in Fig. 4.13b. The measured pressure distributions further demonstrate the
characteristic of AAT.

4.2.5 Design and Performance of AAT Window

Based on the AAT tunnel, we design an AAT window composed of eight blades with
ultrathin metasurfaces attached on both sides and seven straight tunnels with a width
wof 13 cm [1], as shown in Fig. 4.14. The phase gradient of the metasurfaces is the
same as that in Fig. 4.4a.
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Fig. 4.13 Measured and simulated pressure distributions caused by the sample for a LI and b RI
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Figure 4.15a shows the transmittance spectra of the AAT window for LI and RI.
Similar to the AAT tunnel, in the range 2.89-3.51 kHz (the black shaded region),
the transmittance for LI is greater than 0.9, while that for RI is lower than 0.2. The
working bandwidth of the AAT window reaches about 0.6 kHz.



106 4 Acoustic Asymmetric Transmission by Airborne Metamaterials

Transmittance

Frequency (kHz)

Fig. 4.15 Simulated transmittance spectra of the AAT window for LI and RI

Figure 4.16a, b show the pressure distributions caused by the AAT window for LI
and RI, respectively. For LI, the incident wave is divided into several beams by the
tunnels, and each sound beam can pass through the tunnel. Note that the transmitted
beam is very wide due to the superposition of the transmitted acoustic waves from
the seven tunnels of the AAT window. However, for RI, each sound beam cannot
pass through the tunnel due to the ABR, and thus the transmitted sound energy for
RI is very weak, as shown in Fig. 4.16b. The width of the AAT window is close to
1.0 m and can be further enlarged by introducing a larger number of blades. The
AAT window is more beneficial for the exchange of media (including air and light)
compared to a single AAT tunnel.

p (Pa)

-40

Fig. 4.16 Simulated pressure distributions caused by the AAT window for a LI and bRI at 3.2 kHz
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4.2.6 Experimental Measurement of AAT Window

To experimentally demonstrate the performance of the AAT window, we measure
the transmittance spectra of the AAT window for LI and RI. Figure 4.17 shows the
photograph of the AAT window with five blades, in which the sizes of the meta-
surfaces and the width w of the tunnels are reduced by twice compared to those in
Fig. 4.14 due to the size limitation of the experimental platform.

Figure 4.18 shows the measured and simulated transmittance spectra of the AAT
window. It is obvious that the measured spectra agree with the simulated ones. The
slight difference between the measured and simulated results for LI may arise from
the viscous loss of air in the measurement.
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4.2.7 Performance Optimization of AAT Tunnel and Window

Furthermore, the working bandwidth of the designed AAT tunnel and window can be
optimized by tuning the phase distribution of the metasurface. Unlike the metasurface
inFig. 4.4a, the values of d for the hook-like meta-atoms in the optimized metasurface
range from 4.0 to 21.5 mm in steps of 2.5 mm, and the distribution of the phase delay
is shown in Fig. 4.19, where d¢(x)/dx is not constant.

Figure 4.20 shows the transmittance spectra of the optimized AAT tunnel. The
transmittance spectra for LI and RI exhibit an obvious difference in the range 2.8—
3.8 kHz (the black shaded region), and the working bandwidth of the optimized AAT
tunnel reaches 1.0 kHz.

Figure 4.21a, b present the pressure distributions through the optimized AAT
tunnel at 3.2 kHz for LI and RI, respectively. For LI, the acoustic wave can pass
through the tunnel after several reflections between the upper and lower metasurfaces,
and the standing wave characteristics are clearly visible inside the tunnel (Fig. 4.21a).
For RI, due to the existence of the ABR, the incident wave is entirely reflected back
and cannot transmit through the tunnel (Fig. 4.21b).

To explain the mechanism of bandwidth optimization, we divide the metasurface
in Fig. 4.19 into two shorter metasurfaces (denoted as M1 and M2), each consisting
of four hook-like meta-atoms and having the same length. The values of d for the
hook-like meta-atoms in M1 and M2 range from 4.0 to 11.5 mm and from 14.0 to
21.5 mm, respectively, in steps of 2.5 mm.

Figure 4.22 shows the transmittance spectra of two types of AAT tunnels with a
pair of M1 and M2 for RI. In the range 2.80-3.38 kHz (the blue shaded region), the
transmittance is lower than 0.2 for M2. Additionally, in the high-frequency range

Fig. 4.19 Theoretical

continuous phase distribution 0.5
and discrete phase delays of
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Fig. 4.20 Simulated transmittance spectra of the optimized AAT tunnel for LI and RI
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Fig. 4.21 Simulated pressure distributions caused by the optimized AAT tunnel for a LI and b RI
at 3.2 kHz
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Fig. 4.22 Simulated — M1 (d=4.0-11.5 mm)
transmittance spectra of the - == M2 (d=14.0-21.5 mm)
two types of AAT tunnels 7 7

with a pair of M1 and M2
composed of four
meta-atoms. The values

of d for the four selected
meta-atoms are 4.0, 6.5, 9.0,
and 11.5 mm for M1; and
14.0, 16.5, 19.0, and

21.5 mm for M2

Transmittance

Frequency (kHz)

3.50-3.94 kHz (the red shaded region), the transmittance is lower than 0.2 for M 1.
Note that the optimized metasurface is the combination of M1 and M2. Therefore,
the transmittance of the optimized AAT tunnel for RI is lower than 0.2 in the range
2.8-3.8 kHz (Fig. 4.20), which is almost the same as the superposition of the ranges
2.80-3.38 kHz for M2 and 3.50-3.94 kHz for M1.

However, in addition to the minimum value of 4.0 mm in Fig. 4.4a, the selected
values of d for the hook-like meta-atoms are in the range 13.9-20.3 mm, and the
AAT effect exists in the range 2.90-3.40 kHz. Thus, we deduce that the broadband
characteristic of the optimized AAT tunnel is attributed to the hook-like meta-atoms
with the parameter d within the range of 4.0-11.5 mm. Based on the optimized AAT
tunnel, we can further optimize the AAT window by using the phase distribution of
the metasurface in Fig. 4.19.

Figure 4.23 shows the transmittance spectra of the optimized AAT window for
LI and RI. It is found that the AAT effect exists in the range 2.78-3.90 kHz (the
grey shaded region). Compared with the results in Fig. 4.15a, the bandwidth of
the optimized AAT window becomes much broader, and the fractional bandwidth
reaches 0.36.

Figure 4.24a, b show the pressure distributions through the improved AAT window
for LI and RI, respectively. The field distributions for LI and RI are similar to those
in Fig. 4.16a, b, respectively, indicating that the mechanism of the improved AAT
window is the same as that in Fig. 4.16a, b.
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Fig. 4.23 Simulated transmittance spectra of the optimized AAT window for LI and RI
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Fig. 4.24 Simulated pressure distributions caused by the optimized AAT window for a LI and b RI
at 3.2 kHz

4.3 Acoustic Asymmetric Transmission by an Open Tunnel
with Two Pairs of Triangle Cavities

4.3.1 Design and Performance of AAT Tunnel

As schematically shown in Fig. 4.25, the AAT system consists of an open tunnel
attached with two pairs of triangle cavities on both sides [2]. The characteristics of
the AAT tunnel are simulated using the COMSOL Multiphysics software, and the
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structural parameters of the AAT tunnel are h; = 77.5 mm, [; = 155 mm, h, =
20 mm, I, = 80 mm, d = 30 mm, and w = 140 mm. Additionally, the material
parameters are as follows: density p = 1180 kg/m?, longitudinal wave velocity ¢; =
2730 m/s, and transversal wave velocity ¢; = 1430 m/s for perspex; and p = 1.21 kg/
m? and ¢ = 343 m/s for air at 293 K. Throughout this work, the normal incidence of
sound from the left and right sides of the tunnel are defined as LI and RI, respectively.

Figure 4.26 shows the simulated transmittance spectra of the AAT tunnel for LI
and RI. The transmittance spectra exhibit an obvious difference between LI and RI
in the range 4.32—4.42 kHz. The transmittance for LI is very low, with a minimum
value of 0.008 at 4.40 kHz. However, the transmittance for Rl is larger than 0.6.

To demonstrate the AAT behavior, we simulate the intensity distributions through
the AAT tunnel at 4.40 kHz for LI and RI, as shown in Fig. 4.27a, b, respectively. The

Fig. 4.25 Schematic of the AAT tunnel

Fig. 4.26 Simulated
transmittance spectra of the
AAT tunnel for LI and RI in
Fig. 4.25
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Fig. 4.27 Simulated intensity distributions caused by the AAT tunnel at 4.4 kHz for a LI and b RI

incident wave can transmit through the tunnel for RI (Fig. 4.27b), and the transmitted
sound energy is divided into two beams. However, negligible transmission is observed
for LI (Fig. 4.27a).

4.3.2 Physical Mechanism

To gain insight into the mechanism of AAT, we simulate the scattering and total
pressure distributions caused by the triangle cavities at 4.40 kHz. For LI, the incident
wave first reaches the position of a pair of large triangle cavities. Figure 4.28 presents
the scattering pressure distribution caused by a single wall with a large triangle cavity,
with the incident plane wave located on the left side. Note that three scattering waves,
denoted as S1, S2, and S3, are excited by the large triangle cavity.

Figure 4.29 shows the simulated pressure amplitude distribution in the polar coor-
dinate, where the direction of the incident wave is 180°, and the three peaks corre-
spond to the three scattering waves in Fig. 4.28. Since the angle of S1 is greater than
90°, S1 can transmit through the triangle cavity. However, the angle of S3 is less
than 90°, and the angle of S2 is close to 90°, so neither of them can pass through the
triangle cavity.

To show the propagation path of S1 in the AAT tunnel, we simulate the total
pressure distribution for S1 scattered by the triangle cavities, as shown in Fig. 4.30.
There is an obvious standing wave between a pair of small triangle cavities, and the
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Fig. 4.28 Simulated
scattering pressure
distribution caused by a
single wall with a large
triangle cavity for LI at
4.4kHz. S1, S2, and S3
indicate three types of
scattering waves

Fig. 4.29 Simulated
scattering pressure
distribution caused by a
single wall with a large
triangle cavity for LI at
4.4 kHz in the polar
coordinate
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sound energy in the right region is almost zero, which explains why the incident
wave cannot pass through the tunnel for LI.

For RI, the incident wave first reaches the position of a pair of small triangle cavi-
ties. Figure 4.31 presents the total pressure distribution caused by a single wall with a

Fig. 4.30 Simulated total
pressure distribution for S1

scattered by the triangle
cavities at 4.4 kHz
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small triangle cavity. The propagation direction of the incident acoustic wave remains
unchanged with the small triangle cavity. Therefore, the acoustic wave reaches the
large triangle cavity and is scattered into three components (S1, S2, and S3), of which
S1 can finally pass through the tunnel. Based on the above analysis, we deduce that the
AAT effect arises from asymmetric multiple scatterings caused by triangle cavities
of different sizes, which is different from previous AM systems [5-7].

Based on the aforementioned simulations, we illustrate the acoustic propagation
paths through the AAT tunnel for LI and RI, as shown in Fig. 4.32. As shown in
Fig. 4.32a, the incident wave is first scattered by the large triangle cavities and
obliquely reaches the small triangle cavity. After scattering by the small triangle
cavity, the acoustic wave propagates along the vertical direction of the tunnel and
cannot pass through the tunnel. However, for RI (Fig. 4.32b), the small triangle
cavity has almost no influence on the incident wave. As a result, the acoustic wave is
scattered by the large triangle cavities, and part of the incident wave’s energy finally
passes through the tunnel.

¥ (cm)

-30 -1
-40 -20 0 20 40

x (cm)

Fig. 4.31 Simulated total pressure distribution caused by a single wall with a small triangle cavity
for RI at 4.4 kHz
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Fig. 4.32 Schematic of acoustic propagation paths inside the AAT tunnel for a LI and b RI

LI Air
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Fig. 4.33 a Photograph of the sample and b schematic of the experimental set-up

4.3.3 Experimental Measurement

To verify the performance of the AAT tunnel, we experimentally measure the trans-
mittance spectra of the AAT tunnel. To accurately measure acoustic transmittance,
we extend the AAT tunnel with waveguides on both sides to concentrate sound
energy. Figure 4.33a shows the photograph of the sample, which is fabricated with
perspex, and the parameters iy, h,, [}, [, d, and w are the same as those in Fig. 4.25.
Figure 4.33b shows the experimental set-up. The loudspeaker (25 x 25 mm?) is
placed on the right side of the waveguide, 1.0 m away from the AAT tunnel. A
0.25 inch-diameter Briiel & Kjer type-4961 microphone is used to detect the sound
signal on the left side of the waveguide. Using the Pulse Labshop software, we
can detect the pressure amplitude along the scanning line. Meanwhile, the transmit-
tance spectra of the AAT tunnel with the same parameters are also simulated for
comparison.

Figure 4.34 presents the measured and simulated transmittance spectra of the
AAT tunnel for LI and RI in the range 4.20-4.70 kHz. The measured transmittance
spectrum agrees with the simulated result, but there are some discrepancies between
the two results, especially in the low-frequency range, due to the viscous loss of air.

4.3.4 Robustness Demonstration

Finally, we demonstrate the robustness of the AAT tunnel against the excitation of a
cylindrical sound source. The parameters of the AAT tunnel are the same as those in
Fig. 4.25. Figure 4.35 shows the transmittance spectra of the AAT tunnel excited by
the cylindrical sound source for LI and RI. The AAT effect still exists in the range
4.32-4.42 kHz, and the transmittance spectra are similar to those in Fig. 4.26. This
indicates that the designed AAT tunnel can be used for cylindrical sound sources.

Figure 4.36a, b show the simulated intensity distributions through the AAT tunnel
at 4.4 kHz for LI and RI, respectively. The AAT effect persists under the excitation of
the cylindrical sound source, with RI associated with high transmitted sound energy,
while for LI, the transmitted sound energy is quite weak, similar to the results in
Fig. 4.27.



4.3 Acoustic Asymmetric Transmission by an Open Tunnel with Two Pairs ...

Fig. 4.34 Measured and
simulated transmittance
spectra of the AAT tunnel for
LI and RI

Fig. 4.35 Simulated
transmittance spectra of the
AAT tunnel under the
excitation of a cylindrical
acoustic source for LI and RI
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Fig. 4.36 Simulated intensity distributions caused by the AAT tunnel under the excitation of a
cylindrical acoustic source at 4.4 kHz for a LI and b RI

4.4 Multi-Channel Acoustic Asymmetric Transmission
by Mode-Conversion Meta-Atoms

4.4.1 Design and Performance of Mode-Conversion
Meta-Atom

As schematically shown in Fig. 4.37, we propose a type of phased unit cell composed
of different numbers (V) of V-shaped structures [3]. The structural parameters are
selected as [ = 30 mm, 7 = 5.5 mm, ¢ = 0.5 mm, and d = 0.25 mm, and its opening
angle is determined by N. Throughout this work, we use COMSOL Multiphysics
software to simulate the performance of AAT. The phased unit cell is fabricated
with epoxy resin to satisfy the sound-hard boundary. In the models, the material
parameters are as follows: density p = 1180 kg/m? and sound velocity ¢ = 2720 m/
s for epoxy resin; and p = 1.21 kg/m? and ¢ = 343 m/s for air.

Figure 4.38 shows the transmission spectrum and phase delays of the phased
unit cells with different values of N at 7.1 kHz. As N increases, the phase delay
gradually increases, and the transmission coefficient exceeds 0.7. Based on the mode-
conversion theory in Eq. (2.52), we select two types of phased unit cells I and II
(the blue open circles) with a phase difference of © to design a mode-conversion
meta-atom. The selected values of N for phased unit cells I and II are 1 and 11,
respectively, with transmission coefficients of 0.99 and 0.85. The two insets at the
bottom of Fig. 4.38 show the pressure distributions caused by phased unit cells I and
II, further demonstrating the phase difference between the two unit cells.

To realize the mode conversion between the zero-order and first-order waves, we
calculate the theoretical continuous phase distribution based on Eq. (2.53), as shown
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Fig. 4.37 Schematic of Fi
phased unit cells composed
of different numbers (N) of f Air

V-shape structures. The total h

length [ of each unit cell is dl
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angle of the V-shaped ¥ i
structure is determined by N x .

Fig. 4.38 Simulated
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different values of N at o
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in Fig. 4.39. Based on the theoretical phase distribution, we design a type of mode-
conversion meta-atom using three pairs of phased unit cells I and II, with a total
width of 33 mm, satisfying the propagation of the first-order wave at 7.1 kHz.

As shown in Fig. 4.40a, the zero-order wave can transmit through the phased
unit cells and convert to the first-order wave. Similarly, the first-order wave can also
convert to the zero-order wave, indicating that the proposed phased unit cells can
realize mode conversion between the zero-order and first-order waves. Here, it is
noted that the first-order wave in Fig. 4.40a is represented by two plane sound beams
with an angle of £45° with respect to the x-axis. This is because the first-order wave
in the waveguide with a width of 33 mm is formed as the zigzag propagation of
the plane wave with an angle of 45°. Additionally, to realize the characteristic of
AAT, we introduce a step waveguide placed on the right side of the phased unit cells
(Fig. 4.40b), where the width hg = 21 mm is smaller than half the wavelength of
sound at 7.1 kHz. Thus, the first-order wave cannot pass through the step waveguide
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Fig. 4.39 Theoretical continuous phase distribution and discrete phase delays of the mode-
conversion meta-atom

due to the cutoff frequency. The parameters of the mode-conversion meta-atom are
selected as /{ = 50 mm, [, = 12 mm, ~; = 6 mm, A1, = 33 mm, and r = 0.5 mm.
The proposed meta-atom exhibits the characteristic of AAT based on mode conver-
sion. To clearly demonstrate this, we present the propagation paths in the phased unit
cell for the incidence of the zero-order wave. The abbreviations LI and RI refer to
sound incidence from the left and right sides of the mode-conversion meta-atom,
respectively. As shown in Fig. 4.41, the zero-order wave can transmit through the
meta-atom and convert to the first-order wave for RI. However, due to the cutoff
frequency of the first-order wave, it cannot pass through the step waveguide for LI
Figure 4.42 shows the simulated pressure distributions caused by the meta-atom
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Fig. 4.40 a Schematic of mode conversion of sound caused by a meta-atom composed of six phased
unit cells (I and II). The red and blue arrows represent the incident and transmitted acoustic waves,
respectively. b Schematic of the mode-conversion meta-atom
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Fig. 4.41 Schematic of acoustic propagation paths through the mode-conversion meta-atom under
the excitation of the zero-order wave for a LI and b RI
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Fig. 4.42 Simulated pressure distributions caused by the mode-conversion meta-atom under the
excitation of the zero-order wave for a LI and b RI at 7.1 kHz. The red arrows represent the incident
zero-order wave

under the excitation of the zero-order wave for LI and RI. The simulated pressure
distributions agree well with the propagation paths shown in Fig. 4.41, demonstrating
high performance of AAT based on mode conversion.

Figure 4.43 shows the transmission spectra of the mode-conversion meta-atom
under the excitation of the zero-order wave. In the black shaded region, the trans-
mission coefficients are greater than 0.65 for RI, but lower than 0.4 for LI, showing
the characteristic of AAT. Thus, the bandwidth of AAT for the mode-conversion
meta-atom is 4.2 kHz, and the fractional bandwidth is 0.5, which is much wider than
those of previous AAT systems with phase modulation. To explain this, we separately
simulate the phase spectra of phased unit cells I and II and display the phase differ-
ence spectrum in Fig. 4.44. Note that in the working band of AAT (the black shaded
region), the phase difference ranges from 0.82n to 1.52x, which is around the value of
7. Therefore, the broadband characteristic of the mode-conversion meta-atom arises
from the stable phase difference of both unit cells I and II around 7.1 kHz.

Moreover, when the mode-conversion meta-atom is excited by the first-order
wave (Fig. 4.45), the characteristics of mode conversion and AAT caused by the
mode-conversion meta-atom are opposite to those of the zero-order wave (Fig. 4.41).
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Fig. 4.43 Simulated
transmission spectra of the
mode-conversion meta-atom
under the excitation of the
zero-order wave for LI and
RI

Fig. 4.44 Simulated
phase-difference spectrum of
phased unit cells I and II.
The black shaded regions
(6.2-10.4 kHz) represents
the working band of AAT

Figure 4.46 shows the simulated pressure distributions under the excitation of the
first-order wave for LI and RI, which match well with the corresponding propagation
paths, demonstrating the characteristic of reversed AAT under the excitation of the

first-order wave.
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Fig. 4.45 Schematic of acoustic propagation paths through the mode-conversion meta-atom under
the excitation of the first-order wave for a LI and b RI
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Fig. 4.46 Simulated pressure distributions caused by the mode-conversion meta-atom under the
excitation of the first-order wave for a LI and b RI at 7.1 kHz. The red arrows represent the incident
first-order wave

4.4.2 Design and Performance of AAT Lens

Based on the mode-conversion meta-atom, we design a type of multi-channel
AAT lens [3]. Compared with previous AAT systems with phase manipulation, the
designed AAT lenses have the advantages of a single-layer planar structure, multi-
channel AAT, and broad bandwidth. Here, we use twelve mode-conversion meta-
atoms to design a multi-channel AAT lens, as shown in Fig. 4.47a, where the twelve
mode-conversion meta-atoms are placed close together. The acoustic propagation
paths through the AAT lens under the excitation of the zero-order wave are shown
in Fig. 4.47b, c. Similar to those in Fig. 4.41, the first-order wave is obtained and
passes through the lens as two symmetric sound beams with refraction angles of
+45° for RI. However, for LI, the incident zero-order wave cannot pass through the
step waveguide in each meta-atom.



124 4 Acoustic Asymmetric Transmission by Airborne Metamaterials

Fig. 4.47 a Photograph of
the multi-channel AAT lens
composed of twelve
mode-conversion
meta-atoms. Schematic of
acoustic propagation paths
through the AAT lens under
the excitation of the
zero-order wave for b LI and
¢RI
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4.4.3 Experimental Measurement

To experimentally verify the performance, we conduct an experiment to measure
the pressure distribution and transmission spectrum of the AAT lens. As shown in
Fig. 4.48, the experiment is carried out in a planar waveguide system composed
of two parallel plates with a size of 2 m x 2 m, where the anechoic environment
is realized by placing wedge-shaped sound-absorbing foams at the boundaries of
the planar waveguide. The incident plane wave is generated from a speaker array
driven by a power amplifier. In the measurement, we scan the sound pressure using
a microphone (Briiel & Kjer type-4961) moved by a set of 2D motorized linear
stages (Newport: MIN300CC and ILS250CC). Another microphone is fixed towards
the speaker array as a reference. The measured sound signals are recorded by the
Briiel & Kjer 3160-A-022 module and analyzed using the PULSE Labshop software.

Figure 4.49 shows the simulated pressure distributions caused by the AAT lens
for LI and RI. We can see that under the excitation of the zero-order wave, the sound
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Fig. 4.48 Schematic of the :
experimental set-up for the Amplifier B&K3160-A-022 Module PC

AAT lens in Fig. 4.47a
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energy can pass through the lens as two symmetric acoustic beams for RI, but cannot
reach the right region for LI, showing a typical characteristic of AAT. The four insets
at the bottom of Fig. 4.49 show the pressure distributions in the red open squares
R1 and R2. The measured results match well with the simulated ones. Therefore,
by designing the acoustic lens composed of mode-conversion meta-atoms, the AAT
effect can be observed.

Figure 4.50 shows the measured and simulated transmittance spectra of the AAT
lens for LI and RI. In the range of 6.2-9.0 kHz (the black shaded region), the trans-
mittance spectra for LI and RI exhibit an obvious characteristic of AAT. Thus, the
bandwidth of the AAT lens is 2.80 kHz, and the fractional bandwidth reaches about
0.37. Additionally, both types of results are consistent with each other, experimentally
demonstrating the broadband characteristic of the AAT lens.

4.4.4 Performance Modulation

In addition to the aforementioned AAT effect of the lens, we observe multi-channel
AAT in the same lens under the excitation of the first-order wave. As shown in
Fig. 4.51, the acoustic propagation paths through the AAT lens under the excitation
of the first-order wave are the same as those in Fig. 4.45. The incident first-order
wave is converted into the zero-order wave and transmitted through the lens for LI,
but cannot pass through the lens for RI. Compared with the results in Fig. 4.47, the
AAT effect is reversed under the excitation of the first-order wave.
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Fig. 4.49 Simulated pressure distributions through the AAT lens under the excitation of the zero-
order wave for a LI and b RI at 7.1 kHz. The red arrows represent the incident zero-order wave, and

the four insets at the bottom show the measured and simulated intensity distributions in red open
squares R1 and R2

Figure 4.52 shows the simulated pressure distributions through the AAT lens under
the excitation of the first-order wave for LI and RI. For RI, the first-order wave is
blocked by the step waveguide of each mode-conversion meta-atom and cannot reach
the left side. However, for LI, the first-order wave is converted into the zero-order
wave and can pass through the AAT lens. The characteristic of AAT is opposite to
that in Fig. 4.49, indicating that the designed AAT lens can reverse the AAT effect
under the excitation of the first-order wave. The measured pressure distributions in
red open squares R3 and R4 are presented at the bottom of Fig. 4.52, and the measured
results agree with the simulated ones. Therefore, the proposed multi-channel AAT
lens can realize the characteristics of AAT and reversed AAT under the excitation of
the zero-order and first-order waves, respectively.
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Fig. 4.50 Measured and simulated transmittance spectra of the AAT lens under the excitation of
the zero-order wave for LI and RI
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Fig. 4.52 Simulated pressure distributions through the AAT lens under the excitation of the first-
order wave for a LI and b RI at 7.1 kHz. The red arrows represent the incident first-order wave, and
the four insets at the bottom show the measured and simulated intensity distributions in red open
squares R3 and R4

4.5 Tunable Acoustic Asymmetric Transmission
by Phase-Controlled Prism

4.5.1 Design and Performance of AAT Prism

As schematically shown in Fig. 4.53, we design a type of AAT prism composed of
31 phased unit cells with a width of / [4]. The shape of the prism is an isosceles right
triangle with o = 45° and a height of H. The abbreviations LI and RI represent the
normal incidence of acoustic waves from the left and right sides of the AAT prism,
respectively. Figure 4.53a, b show the acoustic propagation paths through the AAT
prism for LI and RI, respectively, where the prism is placed in region II. For LI,
the acoustic wave can transmit through the prism with a refraction angle 6;;, but the
transmitted sound energy is confined to the two surfaces on the right side of the prism
with 8, = —90°. Moreover, in the range —90° < 8 < a — 90°, the acoustic wave
can transmit through the prism but cannot reach region I.
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Fig. 4.53 Schematic of acoustic propagation paths through the AAT prism with different phase distributions for a LI and b RI
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Here, we only study the lower half of the prism due to its structural symmetry.
For LI, based on Eq. (2.41), the phase distribution ¢; of the prism in the y; direction
is written as:

@1 = N/2sinfuk(H + x). 4.1)

where k = 2nf/c is the wave vector in air, and c and f are the acoustic velocity and the
frequency, respectively. Based on Eq. (4.1), the phase delays between two adjacent
unit cells (Ap;) can be expressed as:

A@; = ~/2sin 6kl 4.2)

For RI, the acoustic wave can pass through the prism and reach region III with a
refraction angle 8, (Fig. 4.53b), and the left surface of the prism is defined as the y,
axis. Based on Eq. (4.2), the phase delays between two adjacent unit cells (Ap,) can
be written as:

Ay = V/2sin Okl — kI + 27tm, (4.3)

where 2nm is selected to keep the phase difference between two adjacent unit cells
in the range of 2m, satisfying the generalized Snell’s law. The phase distribution ¢,
of the prism in the y, direction can be written as:

H
0> = /2 sin Bk (H + x) — kx + 27vm ;Lx. (4.4)

Based on Eq. (2.41), the relationship between the refraction angles 8, and 6, is
given as:

2
§infp = V2sinfy — 1 + % 4.5)

The aforementioned results show that the phase distributions of the output surfaces
in the prism are different for LI and RI, as are the refraction angles 6,; and 6y,
indicating the feasibility of designing the AAT prism.

To design the AAT prism, we propose a meta-atom (with a length / = 16 mm)
composed of two arrays of Helmholtz resonators and a central straight channel with
a tunable width of &; immersed in air. As shown in Fig. 4.54a, the cavity width &
is determined by the channel width %, and the other parameters are selected as d
=1.0mm, h = ( — 4d — h)/2, w; = 1.5 mm, and w = (I — 4d)/2. The meta-
atom is fabricated with epoxy resin to satisfy the sound-hard boundary condition.
In this work, the COMSOL Multiphysics software is used to simulate the AAT
characteristics of the prism. The material parameters are as follows: density p =
1180 kg/m?, longitudinal wave velocity ¢; = 2720 m/s, and transversal wave velocity
¢, = 1460 m/s for epoxy resin; p = 1.21 kg/m? and ¢ = 343 m/s for air.
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Fig. 4.54 Schematic of

a the meta-atom and b the
phased unit cell composed of
n-layer meta-atoms
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Fig. 4.55 Simulated
transmittance spectra of the
phased unit cells with
different numbers (n) of
meta-atoms
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As shown in Fig. 4.54b, we design a phased unit cell composed of n-layer meta-
atoms with #; = 5.2 mm, where the incident acoustic wave is located on the bottom-
side. Figure 4.55 shows the transmittance spectra with different numbers of meta-
atoms, where n is selected as 1,4, 7, 10, 13, and 16. As n increases, the transmittance
spectra have similar shapes, and the transmission coefficients are larger than 0.85 in
the range of 5.5-7.7 kHz, indicating a broadband characteristic of the phased unit
cell.
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We design an AAT prism based on the phased unit cells with different numbers
of meta-atoms, where the phase gradient of the prism in the y; direction is selected
as dpi/kdy; = —1.0, and thus 6,; can be calculated as —90°. To obtain the desired
phase delay of the meta-atom, we theoretically calculate the phase delay spectrum
based on Eq. (4.2), as shown in Fig. 4.56. Additionally, we simulate the phase delay



4.5 Tunable Acoustic Asymmetric Transmission by Phase-Controlled Prism 133

spectrum of a single meta-atom. Note that the theoretical phase delay is the same as
that of the meta-atom at 6.66 kHz (the black point in Fig. 4.56).

Based on Eq. (4.5), we calculate the parameter sinf, at different frequencies for
m=1,2, and 3 (Fig. 4.57), and the parameters m and 6, are obtained as 1 and 54° at
6.66 kHz (the black point), respectively. Therefore, we realize the AAT prism with
6y = —90° and 8, = 54° for LI and RI, respectively.

Figure 4.58 shows the photograph of the designed AAT prism composed of the
31 phased unit cells, where the phased unit cell at the center of the prism contains
sixteen meta-atoms, and the numbers of the meta-atoms in the phased unit cells on
both sides decrease gradually. The parameters of the meta-atom are the same as those
in Fig. 4.54a. Based on this, we design the AAT prism with o =45° and H =25.6 cm,
and the other parameters are selected as f = 6.66 kHz, m = 1, c = 343 m/s, 6, = —
90°, and 6, = 54°.

Based on Egs. (4.1) and (4.4), we theoretically calculate the continuous phase
distributions in the y; and y, directions of the AAT prism at 6.66 kHz, which are

Fig. 4.58 Photograph of the v -
AAT prism “ 5 cm

"y



134 4 Acoustic Asymmetric Transmission by Airborne Metamaterials

——Theory O Discrete phase delays

1.0 1.0
0.8 0.8
0.6 A 0.6
8 | s |
S 04f S04
02 0.2
L ¢ C

0 I > 0orF

L 1 i 1 L 1 L 1 1 L | i 1 L 1 N | " 1

-30 =20 -10 0 =25 200 -15 -10 -5 0

¥, (em) a ¥, (cm) b

Fig. 4.59 Theoretical continuous phase distributions and sixteen discrete phase delays in the a y;
and b y, directions for the lower half of the AAT prism at 6.66 kHz

shown in Fig. 4.59a, b, respectively. Additionally, we select sixteen discrete phase
delays of the phased unit cells in the y; and y, directions for the lower half of the
prism. Note that the phase distributions in the y; and y, directions of the AAT prism
are different, and the discrete phase delays agree well with the theoretical ones in
both directions.

Figure 4.60a, b show the simulated intensity distributions caused by the AAT prism
for LI and RI, respectively. As shown in Fig. 4.60a, the transmitted sound energy is
localized on both surfaces on the right side and cannot reach region I. However, for
RI, the acoustic wave can transmit through the prism, and reach region I1I, showing an
obvious AAT phenomenon. The simulated refraction angles for LI and RI match the
theoretical values (6;; = —90° and 6, = 54°, the white open arrows). Therefore, the
designed prism with asymmetric phase distribution can achieve high-performance
AAT.

Furthermore, we simulate the intensity distributions caused by the prism for LI and
RI at three other selected frequencies within the working band of AAT, as shown in
Fig. 4.61. As shown in Fig. 4.61a, the transmitted sound energy cannot pass through
the prism at 6.2 kHz for LI. This is because the transmitted acoustic wave is converted
into the evanescent surface wave. Additionally, as the incident frequency increases,
the transmitted sound energy is not localized on the output surface for LI (Fig. 4.61c,
e), where the refraction angles are within the range —n/2 < 6,; < —n/4. Therefore, the
transmitted sound energy still cannot reach region I. For RI (Fig. 4.61b, d, and f), the
acoustic wave can transmit through the prism and reach region III, and the refraction
angle 0, increases gradually with the increase in the incident frequency. Therefore,
by tuning the incident frequency, the AAT effect still exists, but the refraction angles
for LI and RI change simultaneously. The refraction angles for LI and RI match well
with the theoretical ones (the white open arrows) calculated by Eq. (2.41).
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Fig. 4.60 Measured and simulated intensity distributions caused by the AAT prism for a LI and
b RI at 6.66 kHz. The four insets at the right side show the measured and simulated intensity
distributions in red open squares R1 and R2. The white open and the green arrows represent the
theoretical refraction angles and the incident acoustic waves, respectively

4.5.2 Experimental Measurement

To verify the AAT performance, we measure the intensity distributions for LI and RI
in red open squares R1 and R2 (with a size of 16 x 16 cm?), where the experimental
set-up is shown in Fig. 4.62. The experimental set-up and the sample are placed in
a planar waveguide system composed of two parallel plates (dimension 2 m x 2 m
x 1 cm). Wedge-shaped foams are placed at the boundaries of the planar waveguide
to realize an anechoic environment. The incident plane wave is generated from a
speaker array driven by the power amplifier. The pressure distribution is scanned
by a microphone (Briiel & Kjer type-4961) moved by a set of 2D motorized linear
stages (Newport: MIN300CC and ILS250CC). Another microphone is fixed towards
the speaker array as a reference. The data is recorded by the Briiel & Kjer 3160-
A-022 module and analyzed using the software of PULSE Labshop. As shown in
the insets on the right side of Fig. 4.60, for both LI and RI, the measured and simu-
lated field distributions agree well with each other, experimentally demonstrating the
performance of the AAT prism.
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Fig. 4.61 Simulated intensity distributions caused by the AAT prism at a, b 6.2 kHz, ¢, d 6.7 kHz,
and e, f 7.2 kHz for LI and RI

To present the bandwidth of the AAT prism, we simulate the transmittance spectra
of the prism for LI and RI. Here, we define the transmittance as P/P,, where Py and P
are the integration of the acoustic intensity in the same regions without and with the
prism, respectively, and the selected integration regions are regions I and III for LI
and RI, respectively. As shown in Fig. 4.63a, the transmittance is lower than —8 dB
for LI in the black shaded region, while the transmittance is greater than —4 dB for
RI, where the transmittance spectra show a remarkable AAT behavior. Additionally,
we experimentally measure the transmittance spectra for LI and RI, which agree with
the simulated results in the black shaded region. However, there is a slight difference
in the transmittance spectra between the two results. This is because the measured
transmittance spectra are obtained by measuring and integrating the intensities in
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Fig. 4.62 Schematic of the experimental set-up for the AAT prism in Fig. 4.58

several scanning lines, and the corresponding intensity distributions are generally

nonuniform.
To further evaluate the AAT performance, we provide the contrast ratios (R.) of

the AAT prism based on Eq. (3.1). As shown in Fig. 4.63b, the simulated R, is greater
than 0.7 in the black shaded region, indicating that the bandwidth of the AAT prism
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Fig. 4.63 a Measured and simulated transmittance spectra of the prism for LI and RI, and b the
corresponding contrast ratios. The black shaded regions (5.66-7.44 kHz) represent the working

band of AAT
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is about 1.78 kHz, and its fractional bandwidth reaches about 0.26. The measured
results are plotted for comparison, which are slightly lower than the simulated ones
due to a small difference between the transmittance spectra in Fig. 4.63a.

4.5.3 Parameter Analysis

Next, we discuss the influences of the parameter w, of the meta-atom on the perfor-
mance of the AAT prism. As shown in Fig. 4.64, we simulate the phase delays and
transmittances of the meta-atoms with different values of w; at 6.66 kHz. Note that as
w increases, the phase delay gradually decreases, and the transmittances are greater
than 0.8 in the range 0.8 < w; < 2.5 mm. Therefore, by tuning the parameter wy, the
AAT performance can be controlled.

Figure 4.65 shows the intensity distributions caused by the prism with three
different values of wy (the black points I, IT and III in Fig. 4.64) for LI and RL
We can see that as w; increases, the AAT effect still exists. For LI (Fig. 4.65a, c,
and e), as w; increases, the refraction angle 6,; gradually decreases, but the trans-
mitted sound energy cannot reach region I. In the case of RI (Fig. 4.65b, d, and f), the
acoustic wave can transmit through the prism and reach region III, with the refraction
angle 0y, gradually decreasing as w; increases. The refraction angles agree well with
the theoretical values. Therefore, the sound refraction for LI and RI can be controlled
by the parameter w;.

Fig. 4.64 Simulated phase
delays (the blue solid line)
and transmittances (the red
dashed line) of the
meta-atoms with different
values of w; at 6.66 kHz.
The black points I, II, and III
correspond to wi = 1.2 mm,
1.4 mm, and 1.6 mm,
respectively

1.0

0.8

0.6

[ransmission

w, (mm)
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Fig. 4.65 Simulated intensity distributions caused by the AAT prism with a, b w; = 1.2 mm, ¢,
d 1.4 mm, and e, f 1.6 mm for LI and TI at 6.66 kHz

4.5.4 Design and Performance of Reversed AAT Prism

Finally, we design a reversed AAT prism with characteristics opposite to those of the
previously designed AAT prisms. In the reversed AAT prism, the acoustic wave can
transmit through the prism for LI but can not pass through for RI. To achieve this
performance, we select dp,/kdx; = —1.1, which converts the transmitted wave for
RI into an evanescent wave with high performance [8].

Based on Egs. (4.1), (4.4) and (4.5), we obtain 6;; = —4° and m = 0, and calculate
the phase distributions of the reversed AAT prism in the y; and y, directions, as shown
in Fig. 4.66a, b, respectively. The sixteen red open circles are the discrete phase
delays of the phased unit cells for the lower half of the reversed AAT prism, with the
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Fig. 4.66 Theoretical continuous phase distributions and sixteen discrete phase delays in the a y;
and b y; directions for the lower half of the reversed AAT prism at 6.66 kHz

corresponding values of /; listed in Table 4.1. The photograph of the reversed AAT
prism is shown in Fig. 4.67.

Figure 4.68a, b show the simulated intensity distributions caused by the reversed
AAT prism for LI and RI at 6.66 kHz, respectively. Unlike the results in Fig. 4.60,
the acoustic wave can transmit through the prism and reach region I for LI, while the
transmitted sound energy is localized on the left surface of the prism, and can not
reach region III for RI. Furthermore, the measured acoustic intensity distributions
in red open squares R3 and R4 are presented in the right region, and the measured
distributions agree with the simulated results. Therefore, the AAT effect can be
switched by tuning the phase distributions of the prism.

Table 4.1 Selected sixteen discrete phase delays of the phased unit cells for the lower half of the
reversed AAT prism with dpa/kdxy = —1.1

n 1 2 3 4 5 6 7 8 9 10 |11 12 |13 |14 |15 |16
hp (mm) | 100 (46 |72 |52 |68 |89 |67 |81 |66 |76 |89 |59 |83 |72 |49 |88

Phase 0.79 [4.97 | 2.79 | 0.75 | 4.82 | 2.71 | 0.49 | 4.61 | 2.48 | 0.45 | 443 | 2.32 | 0.19 | 426 | 2.16 | 0.03
delay
(rad)
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Fig. 4.67 Photograph of the reversed AAT prism
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Fig. 4.68 Measured and
simulated intensity
distributions caused by the
reversed AAT prism for a LI
and b RI at 6.66 kHz. The
insets on the right side show
the measured and simulated
intensity distributions in red
open squares R3 and R4

¥{cm)

vicm)

iy
=
g
bis
=y
o
2
3
7
B
L:¥]
-
=

min.

4.6 Conclusion

This chapter explores the design and experimental validation of airborne AAT
systems using various metamaterial structures, including ultrathin metasurfaces,
triangle cavities, mode-conversion meta-atoms, and phased unit cells. The AAT
effect is achieved through asymmetric sound manipulation, such as multiple reflec-
tions and ABRs, or by exploiting the cutoff frequency of higher-order waves. The
chapter presents a broadband AAT tunnel/window, a multi-channel AAT lens, and a
tunable AAT prism, all demonstrating high performance and broad bandwidths. The
physical mechanisms, including the role of phase gradients and mode conversion, are
discussed in detail. Experimental measurements confirm the simulated results, and
the systems show robustness against different sound sources. The chapter concludes
with the potential applications of these AAT systems in architectural acoustics, noise
control, and acoustic functional components.
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Chapter 5 ®)
Acoustic Focusing in Ring-Shaped e
Metamaterials

5.1 Introduction

AF is a special phenomenon where sound energy is focused onto a specific region.
Traditionally, AF can be achieved using curved lenses or reflectors, which are diffi-
cult to integrate. However, with the development of acoustic metamaterials, it has
become feasible to design high-performance AF lenses. In recent years, ring-shaped
metamaterials have attracted significant attention due to their rich eigenmodes and
resonant cavity structures, which can be used to achieve perfect AF with high inten-
sity using weak sound energy. This occurs because when the incident frequency
of the acoustic wave matches the eigenfrequency of the ring-shaped structure, the
eigenmodes of the ring are excited, forming resonance inside it. As a result, the
sound energy excited by structural resonance propagates along a specific path within
the ring, creating a perfect focus with high intensity. This can enable long-distance
and high-precision underwater detection for sonar systems. However, achieving the
perfect AF effect in ring-shaped metamaterials remains a challenge.

In this chapter, we design four types of AF systems using ring-shaped meta-
materials and discuss their potential applications. First, we propose an AF system
composed of a brass circular ring immersed in water [1]. The sound energy is focused
on a perfect point at the center of the ring, resulting from the eigenmode of the ring
structure. Additionally, we discuss the potential applications of the AF effect in
black box detectors in the sea and medical ultrasound treatment. Second, we theo-
retically study and experimentally demonstrate a multi-focus AF system consisting
of a brass circular ring immersed in water [2]. The multi-focus AF, with one or
more focal points, can be achieved at the center of the ring due to its rich Mie-
resonance modes. Beyond that, we discuss the potential application of the multi-
focus AF effect in acoustic encryption communication in detail. Third, we propose
an AF system composed of dual-layer circular rings immersed in air [3]. The sound
energy is focused on a perfect point without diffraction, resulting from the eigen-
mode of the dual-layer structure. We investigate the potential applications of the AF
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effect in acoustic beam splitters and directional transmitters with energy enhance-
ment. Finally, we design a ring-shaped AF system consisting of eight multiple-
cavity unit cells with rich artificial Mie-resonances [4]. The AF effect arises from
the compound monopole Mie resonance (MMR) of the system based on out-phase
resonance. The maximum intensity of the focus can reach 9000 Pa2, and the AF
system exhibits strong robustness against the incident direction and the shape of the
ring-shaped structure. The designed ring-shaped AF systems have great potential in
underwater signal detection, medical ultrasound treatment, acoustic communication,
and acoustic energy harvesting.

5.2 Acoustic Focusing in Metal Ring-Shaped Structures

5.2.1 Design and Performance of AF System

As schematically shown in Fig. 5.1, the designed AF system consists of a brass
circular ring immersed in water [1], where the parameters R and r represent the outer
and inside radii of the circular ring, respectively. Throughout this work, the COMSOL
Multiphysics software is utilized to simulate the characteristics of AF. In the model,
the acoustic-structure boundary is applied to the outer and inside boundaries of the
circular ring, and the material parameters are as follows: density p = 8400 kg/m?>,
longitudinal wave velocity ¢; = 4400 m/s and transversal wave velocity ¢, = 2200 m/s
for brass; p = 998 kg/m? and ¢ = 1483 m/s for water at 296 K.

Next, we simulate the pressure amplitude distributions without and with the
circular ring at 181.7 kHz. The parameters R and r are selected as 30.0 and 25.5 mm,
respectively, and a cylindrical sound source is located at (—40 mm, 0). As shown
in Fig. 5.2a, the sound energy attenuates rapidly along the propagation distance.

Fig. 5.1 Schematic of the
AF system

Water
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However, with the circular ring (Fig. 5.2b), the sound energy is focused at a perfect
point at the center of the ring structure. Additionally, the AF effect is also achieved
at 152.7 and 123.7 kHz, as shown in Fig. 5.2c, d, respectively. By comparing the
results in Fig. 5.2b—d, the focus becomes smaller as the frequency increases, and the
difference between the two adjacent frequencies is constant (29.0 kHz). Therefore,
we can predict the frequency of AF for the circular ring.

Next, we simulate the deformation of the displacement distribution in the circular
ring at 181.7 kHz. As shown in Fig. 5.3, the eigenmode is excited in the circular ring
at 181.7 kHz, and the vibration directions of the eigenmode agree with the radial
direction of the circular ring. It is therefore deduced that the propagation directions
of the acoustic waves are restructured by the eigenmode, and all sound energy is
finally focused on a point at the center of the ring structure. This is fundamentally
different from previous AF lenses based on negative refraction [5-8].

Figure 5.4 show the phase distributions without and with the circular ring at
181.7 kHz, corresponding to Fig. 5.2a, b, respectively. As shown in Fig. 5.4a, the
excited phase distributions are a series of undisturbed curved lines without the circular
ring. However, in Fig. 5.4b, the phase distributions are converted into a series of
concentric circles with the same phase values due to the excitation of the eigenmode,
and are eventually focused on a point at the centre of the circular ring.
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Fig. 5.2 a Simulated pressure amplitude distribution in free space at 181.7 kHz, and pressure
amplitude and displacement distributions caused by the circular ring under the excitation of a
cylindrical sound source at b 181.7 kHz, ¢ 152.7 kHz, and d 123.7 kHz
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Fig. 5.3 Simulated deformation of displacement distribution caused by the circular ring at
181.7 kHz. The black arrows represent the vibration directions of the displacement
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Fig. 5.4 Simulated phase distributions a in free space and b caused by the circularring at 181.7 kHz

Figure 5.5a, b present the simulated pressure amplitude distributions along lines
I and II in Fig. 5.2b, with those without the circular ring plotted for comparison.
We can see that high-performance AF exists in both x and y directions. Compared
to previous AF lenses, the focus at the center of the circular ring is a perfect point
rather than an elliptical spot, and the circular ring-shaped structure is much simpler.
This indicates that perfect AF can be achieved using the circular ring.

5.2.2 Parameter Analysis

To investigate the relationship between the size of the circular ring and the perfor-
mance of AF, we simulate the pressure amplitude distributions with the circular ring
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Fig. 5.5 Simulated pressure amplitude distributions along lines a I and b II in Fig. 5.2b
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Fig. 5.6 Simulated pressure amplitude and displacement distributions caused by the circular rings
with R = 30.0 cm and r = 25.5 cm at a 18.17 kHz, b 15.27 kHz, and ¢ 12.37 kHz; and with R =
30.0 pm and r = 25.5 pm at d 181.7 MHz, e 152.7 MHz, and f 123.7 MHz

by scaling both parameters R and r by a factor of n, while keeping the material param-
eters constant. Compared to Fig. 5.2b—d, the pressure amplitude and displacement
distributions remain almost the same, and the frequencies of AF are reduced by a
factor of 10 in Fig. 5.6a—c, as the size of the circular ring structure is magnified by 10
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times. Additionally, compared to Fig. 5.6a—c, the size of the circular ring is reduced
by 10* times, and the frequencies of AF are magnified by 10* times in Fig. 5.6d—f,
indicating that the frequency of AF is inversely proportional to the size of the circular
ring.

5.2.3 Potential Application

The proposed ring-shaped structure may have substantial practical significance in
detecting black boxes of crashed planes in the sea. It is known that the traditional
detection systems are affected greatly by the temperature (7'), the salinity (S), and
the depth (%) in the sea. This is because the density (p) [9] and acoustic velocity (c¢)
[10] of sea water are determined by these parameters.

Here, we design a black box detector using the brass circular ring in different
environments. Figure 5.7 shows the excited AF effect in the circular ring in different
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Fig. 5.7 Simulated pressure amplitude and displacement distributions caused by the circular ring
in different environments with a 7' =293 K, § = 32 g/kg, h = 1000 m, p = 1023.7 kg/m3, and ¢ =
1530.2m/s; b T =302 K, S =32 g/kg, h = 1000 m, p = 1021.7 kg/m3, and ¢ = 15504 m/s; ¢ T =
293 K, S =25 g/kg, h = 1000 m, p = 1018.4 kg/m>, and ¢ = 1510.1 m/s;d T =293 K, S =32 g/
kg, h = 3000 m, p = 1023.7 kg/m?, and ¢ = 1564.3 m/s
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environments at 37.50 kHz, which is the special incident frequency of the black box.
In the simulations, the parameters p and c of the sea water outside the ring structure
vary due to changes in 7, S, and A, while the parameters of the seawater inside the
ring remain the same as in Fig. 5.2. The parameters R and r are selected as 13.17
and 10.37 cm, respectively. As shown in Fig. 5.7b—d, despite changes in 7, S and £,
the AF effect is realized at the same position and frequency. This demonstrates that
the excited AF caused by the circular ring is unaffected by the external environment
and can be used as a black box detector in complex and variable conditions.

Another potential application of the AF effect is in medical ultrasound [11, 12].
It is known that the high-intensity focused ultrasound (HIFU) technique has been
applied in several types of tumor treatments, but healthy human tissues and cells
may be damaged during HIFU treatment. Here, we propose a method for selectively
killing cancerous tissues and cells based on the fact that the AF effect is closely
related to the size and shape of ring-shaped structures. To verify the feasibility and
effectiveness, we design circular, square, and elliptical ring structures immersed in
water, as shown in Fig. 5.8. The acoustic wave is selectively focused in the three types
of ring-shaped structures at 209.7, 95.1, and 105.9 MHz, as shown in Fig. 5.9a—c,
respectively. Meanwhile, the other two ring-shaped structures are largely unaffected,
indicating that the AF effect caused by ring-shaped structures has great potential in
medical ultrasound treatment.

Brass Water

ai >l b c4 c2

3

T T T AT A RN

Fig. 5.8 Schematic of three ring-shaped structures (¢; = 15.0 um and @y = 20.0 um for the circular
ring; b1 = 10.0 pm and b, = 12.5 pum for the square ring; ¢; = 15.0 um, ¢ =20.0 pm, c3 = 20.0 pum,
and ¢4 = 25.0 pum for the elliptical ring)
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Fig. 5.9 Simulated pressure amplitude and displacement distributions caused by the ring-shaped
structures at a 209.7 MHz, b 95.1 MHz, and ¢ 105.9 MHz

5.3 Multi-focus Acoustic Focusing in Metal Ring-Shaped
Structures

5.3.1 Design and Performance of Multi-focus AF System

As schematically shown in Fig. 5.10, the multi-focus AF lens consists of a brass
circular ring immersed in water [2], with the incident plane wave placed at the left
boundary. The inner (r = a) and outer (R = b) radii of the circular ring are 10 and
15 mm, respectively. Throughout this work, we study the characteristics of multi-
focus AF numerically, theoretically, and experimentally. The COMSOL Multiphysics
software is used to simulate the multi-focus AF effect. The material parameters are
as follows: density p = 8400 kg/m> and sound speed ¢ = 4400 m/s for brass; p =
998 kg/m? and ¢ = 1483 m/s for water at 296 K.
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Fig. 5.10 Schematic of the
multi-focus AF lens

11111

s

Next, we theoretically analyze the AF effect based on the acoustic scattering
theory. Here, we consider the incident plane wave as p;, = Pge!®0"05¢=¢) \here
Py is the initial amplitude, i indicates the imaginary component, ko is the wave
number, and w is the angular frequency. The pressure can be expressed in terms of
a spherical Bessel function J, (kr) and a Hankel function of the first kind H" (kr).
Thus, the incident plane wave in the cylindrical coordinate can be written as [13]:

+00

pin="Po Y i"In(kor)e™, (5.1)

n=—0o0

and the acoustic pressures pg, p1, and p, in regions 0, 1, and 2 can be expressed as
[13]:

+o0
po="Po Y [i"Iu(kir) + Bo,H" (kor) ™. (5.2)
+o0
pi=Po Y [Awukir) + Bi,H" (kir)]e™, (5.3)
n=—oo
+00
pr=Po Y Andu(kar)e™, (5.4)
n=—oo

where kg, ki, and k, are the wave numbers, and A;,, A,, Bg,, and By, are the
expansion coefficients corresponding to the spherical Bessel and Hankel functions
in regions 0, 1, and 2 (Fig. 5.10), respectively.

The radial velocities vg,, v, and v, in regions 0, 1, and 2 are obtained by the
functional relation v, = (i/wp)(dp/dr) as follows:
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—+00 -n
vor =Py Y ’—[i"J,;(kor) + Bo,H'V' (kor)]e™, (5.5)
ne—oo P0C0
+00 i
vi, = Po Z v [A1ad, (kir) + Bi,H" (kyr)]e™, (5.6)
N —00 1¢1
o
v =Py Y ——Agd;(kar)e™, (5.7
oo P2€2

where pg, p1, and p, are the densities, and ¢, ¢y, and ¢, are the sound velocities in
regions 0, 1, and 2, respectively. By using the orthogonality of the function exp(ind)
and the continuous scalar acoustic pressure and radial velocity at the interfaces r =
a and b, we obtain:

H,fl)(kob) _-,n(klb) _Hrfl)(klb) 0 By, —i"J, (kob)
0 Juka) HO(Ka) Lkea) || 4,
H kob) —_ Jatkad)  H (ki) 0 B | = kb |- (5.8)
Poco pici pici In " poco
0 _htkhae B e _Lika) || Ay, 0
pici pici p2c2

Here, we rewrite Eq. (5.8) as Ax = b, and theoretically calculate the eigenfrequencies
of the Mie resonance modes by solving the eigenvalue equation det(A) = 0. In
the equation det(A) = 0, the zero-order (n = 0), first-order (n = 1), second-order
(n = 2) and third-order (n = 3) Bessel and Hankel functions correspond to the
monopole, dipole, quadrupole, and octupole Mie resonance modes, respectively. As
shown in Fig. 5.11a—d, we theoretically calculate the monopole, dipole, quadrupole,
and octupole Mie resonance modes in the brass circular ring at 538.36, 574.55,
610.04, and 644.90 kHz, respectively, where one, two, four, and six focuses are
obtained at the center of the brass circular ring.

Moreover, we theoretically calculate the pressure amplitude distributions caused
by the circular ring under the excitation of the incident plane wave. The coefficients
Bou, A1y, Bin and Ay, of the Bessel and Hankel functions at each eigenfrequency
can be obtained by solving Eq. (5.8). Figure 5.11e—h show the theoretical pressure
distributions at 538.36, 574.55, 610.04, and 644.90 kHz, respectively. We can see
that the incident waves are focused on one, two, four, and six focal points at the center
of the circular ring, consistent with the results in Fig. 5.11a—d. Therefore, we deduce
that the multi-focus AF effect arises from the Mie resonance modes of the circular
ring. The simulated pressure distributions caused by the circular ring are shown in
Fig. 5.11i-1, corresponding to Fig. 5.1 1e—h, respectively. The simulated results agree
well with the theoretical ones.

In addition to the sixth eigenfrequencies of the Mie resonance modes, we find
that each Mie-resonance mode also exists at a series of other eigenfrequencies. As
shown in Fig. 5.12, we theoretically calculate and numerically simulate the pressure
distributions at the fourth and second eigenfrequencies of the monopole and dipole
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Monopole, 538.36 kHz Dipole, 574.55 kHz Quadrupole, 610.04 kHz Octupole, 644.90 kHz
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Fig. 5.11 Theoretical pressure amplitude eigenfunctions of the circular ring for the a monopole,
b dipole, ¢ quadrupole, and d octupole Mie resonance modes. Theoretically calculated pressure
amplitude distributions caused by the circular ring at e 538.36 kHz, f 574.55 kHz, g 610.04 kHz, and
h 644.90kHz. Simulated pressure amplitude distributions caused by the circularring at i 538.36 kHz,
j 574.55 kHz, k 610.04 kHz, and 1 644.90 kHz. The red arrows represent the incident plane wave

modes. Note that the acoustic waves are also focused on one and two focuses at the
center of the circular ring, and the eigenfrequencies and the pressure distributions in
the theoretical results agree with those in the simulated results. Therefore, we deduce
that the multi-focus AF effect can be excited at a series of eigenfrequencies.

5.3.2 Experimental Measurement

To verify the AF effect in the circular ring, we experimentally measure the pres-
sure distributions by a Schlieren imaging system [14], which is advantageous for
detecting acoustic field distributions in a limited space. Figure 5.13a shows a photo-
graph of the sample, which is a brass cylinder with a length of 50.0 mm, an inner
radius of 9.9 mm and an outer radius of 15.0 mm. Figure 5.13b presents the
schematic of the Schlieren imaging system, where the brass cylinder is placed
between an ultrasonic transducer (500 kHz central frequency and 1.0 inch diam-
eter) and an absorber immersed in a water tank. The system consists of a He-Ne
Laser, convex lenses Ly ( fo = 10 mm), L; (f; = 200 mm), L, ( f» = 500 mm), and
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Fig. 5.12 Theoretically calculated pressure amplitude distributions caused by the circular ring
at a 386.46 kHz, b 240.11 kHz, ¢ 419.92 kHz, and d 276.06 kHz. Simulated pressure ampli-
tude distributions caused by the circular ring at e 386.46 kHz, f 240.11 kHz, g 419.92 kHz, and
h 276.06 kHz

L; (f3 = 300 mm), and an Intensification Charge-Coupled Device (ICCD) camera.
The system has three focal planes: the object plane, the Schlieren filtering plane, and
the image plane. In the measurement, the laser beam with a wavelength of 632.8 nm
is converted into a parallel laser beam through lenses Ly and L;, and then incident on
the object plane. The parallel laser beam is modulated by the pressure distribution
inside the cylinder. The lens L, is the transform lens, and an aperture is placed on
the Schlieren filtering plane to avoid zero-order diffracted light. The lens Lj is the
imaging lens, and the ICCD camera captures the sound images generated from the
brass cylinder.

Figure 5.14 shows the pressure distributions of the seventh and eighth monopole
modes, where the parameters in the theoretical calculations are the same as those
of the sample. The acoustic pressure distribution inside the brass cylinder is clearly
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Fig. 5.13 a Photograph of the sample and b schematic of the experimental set-up
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Fig. 5.14 Theoretically calculated and experimentally measured pressure amplitude distributions
caused by the circular ring for the a seventh and b eighth monopole modes

measured by the Schlieren imaging system, and the sound energy is focused on
a perfect point in the experiment. The eigenfrequencies and the measured pressure
distributions agree with the theoretical results, although there exists a slight difference
in pressure distributions (different color) between them. This is because measured
results are obtained by integrating the sound energy along the length of the brass
cylinder, while the theoretical results are calculated in a 2D cross-section of the
cylinder.

5.3.3 Potential Application

The multi-focus focusing effect has potential applications in acoustic encryption
communication. Here, we take the word “ONE” as an example. Based on the Amer-
ican standard code for information interchange (ASCII), the letters O, N, and E are
expressed as the quaternary arrays 1321, 1320, and 1221, respectively. We use the
eigenfrequencies of the second monopole, dipole, quadrupole, and octupole Mie-
resonance modes of the circular ring to represent the numbers 0, 1, 2, and 3, respec-
tively, with these eigenfrequencies are in the range of 240-344 kHz. As shown in
Fig. 5.15a—d, we represent the letter O using the multi-focus AF in the circular ring
at 276.06, 343.88, 310.50, and 276.06 kHz. The letters N and E are represented in
Fig. 5.15e-h and i-1, respectively. Therefore, we can achieve acoustic encryption
communication using the multi-focus focusing effect.
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Fig. 5.15 Simulated pressure amplitude distributions caused by the circular ring at a 276.06 kHz,
b 343.88 kHz, ¢ 310.50 kHz, and d 276.06 kHz for letter O; at e 276.06 kHz, f 343.88 kHz,
g 310.50 kHz, and h 240.11 kHz for letter N; at i 276.06 kHz, j 310.50 kHz, k 310.50 kHz, and
1276.06 kHz for letter E

5.4 Acoustic Focusing in Dual-Layer Ring-Shaped
Structures

5.4.1 Design and Performance of Dual-Layer AF System

As schematically shown in Fig. 5.16a, the designed AF lens is a dual-layer ring-
shaped structure composed of brass cylinders immersed in air [3], with its cross-
section shown in Fig. 5.16b. The incident cylindrical source is located on the left
side of the model. The radii of the inner (R;) and outer (R;) layers of the AF lens are
13.0 and 22.5 mm, respectively, and the diameters of the cylinders in the inner (r;) and
outer (r,) layers are 2.0 and 3.0 mm, respectively, with the angle of § = 9° between
two adjacent cylinders in both layers. Throughout this work, the characteristics of the
AF lens are simulated using the COMSOL Multiphysics software, and the material
parameters are as follows: density p = 8400 kg/m?, longitudinal wave velocity ¢; =
4400 m/s, and transversal wave velocity ¢, = 2200 m/s for brass; p = 1.21 kg/m*
and ¢ = 344 m/s for air. In the models, the acoustic-structure boundary is applied to
the boundaries of each brass cylinder.
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Fig. 5.16 a Schematic of Brass— .
the AF lens, and :
b cross-section of the lens

Air

Figure 5.17a, b show the pressure amplitude distributions without and with the AF
lens at42.63 kHz, respectively. The incident cylindrical source is located at (—40 mm,
0), and the initial pressure amplitude Ipyl is 1.0 Pa. As shown in Fig. 5.17a, without the
AF lens, the cylindrical wave attenuates rapidly with increasing propagation distance.
However, with the AF lens, the sound energy is focused on a perfect point without
diffraction at the center of the dual-layer structure, as shown in Fig. 5.17b. Moreover,
the AF effect also exists at a series of other frequencies, such as 29.50 and 55.32 kHz,
as shown in Fig. 5.17¢c, d, respectively. The AF effect exhibits high performance at
these frequencies as well. By comparing the results in Fig. 5.17b—d, the size of the
focus becomes smaller as the frequency increases due to the wavelength of sound.

Figure 5.18a, b show the pressure amplitude distributions caused by lenses with
single-layer and three-layer ring-shaped structures, respectively, where the other
parameters are the same as those in Fig. 5.17b. As shown in Fig. 5.18a, b, the AF
effect also exists. Compared to the results in Fig. 5.17b, the AF effect is much weaker
in the single-layer lens, but is almost the same in the three-layer lens. The maximum
values of Ip/pyl at the focus are 0.43, 1.19, and 1.22 in Figs. 5.18a, 5.17b and 5.18b,
respectively. Therefore, we design the AF lens with a two-layer ring-shaped structure.

Figure 5.19a, b present the simulated pressure amplitude distributions caused by
the circular ring along lines I and II in Fig. 5.17b, with the corresponding results in
free space plotted for comparison. Note that the AF effect exists in both the x and
y directions, and the widths of the focus in both directions are A/2. Additionally,
compared to the results in free space, the amplitude at the focus is enhanced by 12
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Fig. 5.17 Simulated pressure amplitude distribution (Ip/pol) a in free space at 42.63 kHz, and caused

by the AF lens under the excitation of a cylindrical sound source at b 42.63 kHz, ¢ 29.50 kHz, and
d 55.32 kHz
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Fig. 5.18 Simulated pressure amplitude distributions caused by the AF lenses with a single-layer
ring-shaped structure at 42.51 kHz and with b three-layer ring-shaped structure at 42.59 kHz

times with the AF lens, indicating high-performance AF caused by the dual-layer
ring-shaped structure.
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Fig. 5.19 Simulated pressure amplitude distributions along lines a I and b II in Fig. 5.17b

5.4.2 Equivalent Model

To verify the performance of the AF lens, we design its EM model composed of a
circular ring structure in air, as shown in Fig. 5.20. The parameters R; and R; are the
same as those in Fig. 5.16b. Figure 5.21 shows the absolute value of the velocity |vegl
and the real part of the density p.s of the EM model, calculated based on Egs. (2.15)—
(2.18). Figure 5.22 presents the simulated pressure amplitude distribution caused by
the EM at 42.63 kHz, and the amplitude distribution inside the EM is similar to that
in Fig. 5.17b, confirming the validity of the designed AF lens.

Fig. 5.20 Schematic of the
EM model for the AF lens

® Air Z) Joew
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5.4.3 Physical Mechanism

Figure 5.23a—c show the phase distributions corresponding to Figs. 5.17a, b, and
5.22, respectively. We can see that the phase distributions are a series of undisturbed
circular lines in free space (Fig. 5.23a). However, in Fig. 5.23b, c, the phase distri-
butions are reconstructed inside the AF lens, transforming into a series of concentric
circles with the same phase values, eventually focusing on a point at the centre of
the AF lens.
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Fig. 5.23 Simulated phase distributions a in free space and caused by b the AF lens and ¢ the EM
at 42.63 kHz, and d simulated deformation of displacement distribution caused by the dual-layer
ring-shaped structure. The red arrows represent the vibration directions of the displacement

To provide insight into the mechanism of the AF effect, we simulate the defor-
mation of the total displacement distributions in the dual-layer ring-shaped structure
in Fig. 5.17b, as shown in Fig. 5.23d. We can see that the Mie-resonance mode [15]
is excited in the AF lens at the eigenfrequency (43.62 kHz), and the vibration direc-
tions point toward the focal spot, especially in the inside ring-shaped structure. It
is deduced that the propagation directions of the cylindrical wave are restructured
by the Mie-resonance mode [16], and the cylindrical waves are finally focused on a
perfect point at the center of the AF lens.

5.4.4 Parameter Analysis

Next, we simulate the pressure amplitude distributions by separately scaling the sizes
of the outer (R, and r;) and inner (R; and r;) ring-shaped structures by a factor of .
As shown in Fig. 5.24, the frequencies of AF remain almost the same with different
sizes of the outer ring-shaped structure, but are inversely proportional to the size of
the inner ring-shaped structure. This indicates that the frequencies of AF are closely
related to the size of the inner ring-shaped structure.

In addition, the AF effect also exists in ring-shaped structures of different shapes.
To verify this, we design four types of dual-layer ring-shaped structures with different
shapes, which are presented in Fig. 5.25. As shown in Fig. 5.26, the cylindrical sound
waves are focused at the center of the four types of dual-layer ring-shaped structures
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Fig. 5.24 Simulated pressure amplitude distributions caused by the AF lens with the parameters
a—d Ry and r; and e-h R; and r; separately scaled by a factor of n

at 17.19, 42.50, 37.42, and 29.55 kHz, and the incident cylindrical sound sources
can be located at arbitrary positions outside the dual-layer ring-shaped structures.

5.4.5 Potential Application

The AF effect caused by the dual-layer ring-shaped structures has potential appli-
cations in beam splitters. It is known that the sound energy is divided into several
beams and significantly reduced in beam splitters. Here, we propose an acoustic beam
splitter with enhanced sound energy using a dual-layer square ring-shaped structure,
as shown in Fig. 5.25a. The incident cylindrical wave is located at the center of the
dual-layer ring-shaped structure, and the initial amplitude Ipgl is also 1.0 Pa. Addi-
tionally, the pressure amplitude distribution in free space is simulated for comparison
(Fig. 5.27a), where the white circular lines represent the contour lines of Ip/pgl.

As shown in Fig. 5.27b, the output sound energy caused by the dual-layer square
ring-shaped structure is divided into four sound beams. Compared to the result in
Fig. 5.27a, the pressure amplitude at the position of the sound source is enhanced by
40 times, and the amplitude of each beam through the dual-layer structure is about 15
times in Fig. 5.27b. To clearly exhibit the characteristic of the output sound beam, we
show the pressure amplitude distribution outside the dual-layer ring-shaped structure
with a different range of the color bar (the right inset in Fig. 5.27b), and the pressure
amplitudes of the output sound beam are significantly larger than those in free space
(Fig. 5.27a).

Another potential application of the proposed dual-layer ring-shaped structure is
in the design of an acoustic directional transmitter. Here, we consider the dual-layer
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Fig. 5.25 Schematic of dual-layer a square (R = 24.00 mm, R, = 36.00 mm, D; = 12.00 mm,
Dy =18.00 mm, r; = 2.00 mm and r, = 3.00 mm), b square and circular (6 = 9°, R = 14.00 mm,
R; = 18.00 mm, D; = 12.00 mm, D, = 18.00 mm, r; = 2.00 mm and r, = 3.00 mm), ¢ rhomboic
®=60°d; =12.50 mm, dp = 7.22 mm, D; = 3.61 mm, D, = 18.75 mm, r; = 2.00 mm and r,
=3.00 mm), and d triangular (¢ = 60°, R} = 26.27 mm, Ry = 39.40 mm, r; = 2.00 mm and r, =
3.00 mm) ring-shaped structures

square ring-shaped structure (Fig. 5.27b) surrounded by a square ring-shaped struc-
ture with an opening on the upper boundary, as schematically shown in Fig. 5.28.
Figure 5.29 shows the pressure amplitude distribution caused by the designed
acoustic directional transmitter, where the output sound energy is concentrated in
the direction of the opening. Compared to the result in Fig. 5.27b, the amplitude of
the output acoustic wave is magnified by 1.5 times in Fig. 5.29, as shown in right
1nset.
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Fig. 5.26 Simulated pressure amplitude distributions caused by the dual-layer a—c square, d—
f square and circular, g—i rhomboid, and j-I triangular ring-shaped structures with different incident
positions of the cylindrical sound source
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Fig. 5.27 Simulated pressure amplitude distributions a in free space and b caused by the dual-
layer ring-shaped structure at 17.19 kHz. The inset on the right side shows the simulated pressure

amplitude distribution in white open square R1 in (b). The white circular lines represent the contour
lines of amplitude

Fig. 5.28 Schematic of the 50
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2.00 mm) - .l
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5.5 Acoustic Focusing in Ring-Shaped Mie
Resonance-Based Structures

5.5.1 Design and Performance of Multiple-Cavity Unit Cell

As schematically shown in Fig. 5.30, we propose a circular multiple-cavity unit
cell consisting of a central cavity surrounded by eight interconnected same identical
cavities [4]. These cavities are filled with air and constructed from epoxy resin to
satisfy the sound-hard boundary condition. The solid frame has a thickness ¢, the
channels have a width w, and the open width of the cavities is 4. The outer and inner
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Fig. 5.29 Simulated pressure amplitude distributions caused by the acoustic directional transmitter
at 17.19 kHz. The inset on the right side shows the simulated pressure amplitude distribution in
white open square R2. The white circular lines represent the contour lines of amplitude

radii are R and r, respectively. We use COMSOL Multiphysics, a FE software, to
simulate the sound propagation characteristics. The selected structural parameters
aret =2.0mm, h =45 mm, w = 4.6 mm, »r = 3.0 cm, and R = 5.0 cm. The
material parameters for epoxy resin are density p = 1050 kg/m?, Young’s modulus
E = 5.08 GPa, and Poisson’s ratio v = 0.35. For air, density p = 1.21 kg/m? and
acoustic velocity ¢ = 343 m/s.

Fig. 5.30 Schematic of the
multiple-cavity unit cell
Air
R
h
p
— )
f Air
Epoxy resin
—
W
.1'!
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Fig. 5.31 Simulated a pressure amplitude and b phase eigenfunctions of the MMR mode for the
multiple-cavity unit cell

Further simulations about the eigenmodes of the multiple-cavity unit cell reveal
typical characteristics of Mie resonances. These resonances are closely related to the
multiple-cavity structure of the unit cell. Figure 5.31a, b show the pressure and phase
eigenfunctions of the MMR mode at 634 Hz. The MMR mode concentrates sound
energy within the multiple-cavity unit cell (Fig. 5.31a), and all cavities exhibit in-
phase characteristics (Fig. 5.31b). Additionally, the diameter of the multiple-cavity
unit cell is about 0.185A.

As shown in Fig. 5.32, the MMR mode of the multiple-cavity unit cell can be
excited by an incident plane wave at 634 Hz, with an initial amplitude of 1.0 Pa. The
sound energy is primarily concentrated in the unit cell due to the MMR mode, and
the intensity at the center is about 30 times greater than that of the incident wave.
Figure 5.33a shows the simulated intensities along lines I and II in Fig. 5.32. The
intensities along lines I and II exceed 26 Pa?, reaching about 32 Pa? at the center of
the unit cell. Figure 5.33b displays the intensity spectrum at the center of the unit cell.
The intensity exceeds 10 Pa? in the range of 590-680 Hz, resulting in a fractional
bandwidth of 0.14.

Additionally, we simulate the dipole and quadrupole Mie resonance modes of
the multiple-cavity unit cell, as shown in Fig. 5.34. Unlike the MMR mode, the
pressure and phase eigenfunctions are not uniformly distributed within the unit cell
for these modes. The rich Mie resonances of the multiple-cavity unit cell provide the
foundation for designing various acoustic devices [15-20].

5.5.2 Design and Performance of AF System

Next, we design an AF system composed of eight multiple-cavity unit cells arranged
in a square shape, as shown in Fig. 5.35. The distance between adjacent unit cells is
d = 14.0 cm. Figure 5.36a, b show the simulated intensity and phase eigenfunctions
of the MMR mode of the AF system at 716 Hz. The MMR mode concentrates
sound energy in the central region of the AF system, and the phase in this region is
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Fig. 5.32 Simulated intensity distributions caused by the multiple-cavity unit cell at 634 Hz. The
red arrows represent the incident acoustic wave
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Fig. 5.33 a Simulated acoustic intensity distributions along lines I and Il in Fig. 5.32. b Simulated
acoustic intensity spectrum at the center of the multiple-cavity unit cell

uniform (Fig. 5.36b), similar to the characteristics of the MMR mode in the multiple-
cavity unit cell (Fig. 5.31). The MMR mode also exists in the eight unit cells, with
higher intensities in the four unit cells at the midpoints compared to those at the
corners, due to their proximity to the center. Furthermore, the dipole (948 Hz) and
quadrupole (1020 Hz) Mie resonance modes of the AF system are simulated, as
shown in Fig. 5.37. These modes exhibit characteristics similar to those in Fig. 5.34.
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Fig. 5.34 Simulated pressure and phase eigenfunctions of the a, b dipole and ¢, d quadrupole Mie
resonance modes of the multiple-cavity unit cell

Fig. 5.35 Schematic of the
AF system composed of
eight multiple-cavity unit
cells
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Fig. 5.36 Simulated a pressure amplitude and b phase eigenfunctions of the MMR mode for the
AF system at 716 Hz

Dipole, 948 Hz Quadrupole, 1020 Hz

+max.

plau.)

Phase (rad)

Fig. 5.37 Simulated pressure and phase eigenfunctions of the a, b dipole and ¢, d quadrupole Mie
resonance modes for the AF system



5.5 Acoustic Focusing in Ring-Shaped Mie Resonance-Based Structures 173

Similar to the MMR of the multiple-cavity unit cell, the MMR of the AF system
can also be excited by the incident plane wave at 716 Hz, as shown in Fig. 5.38a.
The sound energy is focused in the central region of the AF system, with an intensity
about 60 times greater than that of the incident wave. The length of the system
is only about 0.79A, demonstrating its high-performance focusing capability and
sub-wavelength size. The high intensity in the central region makes the AF system
suitable for acoustic energy harvesting in low-energy environments. The inset on
the right side of Fig. 5.38a shows the intensity distribution within the AF system.
All acoustic velocity directions point toward the center of the AF system due to
the MMR mode, causing sound energy from the external region and the eight unit
cells to be absorbed into the central region. Thus, the AF effect is realized based
on the MMR mode of the system. The performance of AF can be further enhanced
by coupling the MMR modes of the unit cells. For comparison, we simulate the
MMR mode and corresponding AF in a system composed of eight solid cylinders
(Fig. 5.38b), with the same configuration and cylinder size as in Fig. 5.38a. However,
the acoustic velocity direction mainly aligns with the incident direction, and the AF
effect is not obvious. The intensity at the center of the system is significantly lower
than in Fig. 5.38a because the MMR mode arises from the square structure without
involving the coupling of the MMR modes of the eight unit cells (the inset at the
right side in Fig. 5.38b).

Figure 5.39 shows the simulated intensities along lines III and IV in Fig. 5.38,
with corresponding results in free space for comparison. Three peaks are observed
along lines III and IV within the multiple-cavity unit cells, indicating that the AF
effect in the central region is enhanced by the coupling of the MMR modes of the
unit cells. The maximum intensities in the unit cells exceed 120 Pa? and 80 Pa? along
lines III and IV, respectively, while those for the solid cylinders and free space are
close to zero. This further confirms that the AF effect in Fig. 5.38b is due to the
square structure and does not involve the MMR mode of the cylinders. For the AF
system composed of eight multiple-cavity unit cells, the intensity at the center reaches
about 60 Pa?, and the FLHM of the focus is only 16 cm (about A/3) (Fig. 5.39a, b).
Therefore, subwavelength AF can be achieved in low-energy environments using the
MMR mode of the system composed of multiple-cavity unit cells.

5.5.3 Physical Mechanism

Figure 5.40 shows the intensity spectra at points A, B, and C in Fig. 5.38a. Intensity
peaks are observed simultaneously at all three points at 716 Hz ( f4). Additionally, at
542 Hz (f1), 608 Hz ( f»), and 619 Hz ( f3), intensity peaks are present at points B
and/or C, but are very weak at point A. These frequencies differ from the MMR mode
frequency of a single multiple-cavity unit cell (634 Hz), indicating that the MMR
mode at these frequencies arises from the mutual coupling of the unit cells. However,
the MMR mode of the AF system only exists at f4, suggesting a different coupling
mechanism at f4 compared to f, f», and f3. Figure 5.41la—c show the intensity
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Fig. 5.38 Simulated intensity distributions caused by the two types of AF systems composed of
eight a multiple-cavity unit cells and b solid cylinders at 716 Hz. The insets on the right side show
the simulated intensity distributions inside both systems, with the white arrows representing the
acoustic velocity directions

distributions caused by the AF system at f, f», and f3, respectively. The MMR
mode exists in the eight unit cells at these frequencies, with sound energy primarily
concentrated within the unit cells. However, the MMR mode and corresponding AF
effect of the system are not excited at these frequencies.

To understand the mechanism of the AF effect, we simulate the phase distribution
of the AF system at 716 Hz ( f4), as shown in Fig. 5.42. Similar to Fig. 5.36b, the
phase distributions are nearly uniform in each unit cell, characteristic of the MMR
mode. However, the phase at the center of the system is almost opposite to that in
the unit cells. Figure 5.43 shows the simulated phase spectra at points A () and
B (pp) in Fig. 5.42. The phase difference between points A and B (Ippx — ¢gl) is ©
at 716 Hz, indicating an out-of-phase relationship between the center region of the
system and the eight unit cells. This suggests that the MMR mode arises from an
out-of-phase resonance caused by the mutual coupling between the system and the
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Fig. 5.39 Simulated acoustic intensity distributions along lines III and IV in Fig. 5.38a, b, with
corresponding results in free space
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unit cells. Figure 5.44a—c show the phase distributions at 542 Hz ( f), 608 Hz ( f>),
and 619 Hz ( f3), respectively. The phase distributions vary in each unit cell, and
the phase differences do not exhibit the out-of-phase characteristic observed at f4.
Therefore, the MMR mode of the AF system does not exist at these frequencies.
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5.5.4 Parameter Analysis

We investigate the control of the AF effect by tuning the inner radius r and the
distance d. Figure 5.45a, b show the eigenfrequencies of the MMR mode for
systems with different values of r/ry and d/d, where ro = 3.0 cm and dy = 14.0 cm.
The eigenfrequencies of the MMR mode increase with r/ry but decrease with d/d,,
indicating that these parameters can tune the eigenfrequencies of the MMR mode.
Figure 5.45c, d show the intensity at the center of the AF system for different values
of r/r and d/dy. The intensity varies with these parameters, reaching 9000 Pa® and
110 Pa? for r/ro = 0.73 and d/dy = 0.93, respectively. This demonstrates that sound
energy in the central region can be controlled by adjusting r and d.
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Fig. 5.43 Simulated phase spectra at points A and B in Fig. 5.38a
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Fig. 5.44 Simulated phase distributions caused by the AF system at a 542 Hz ( f1), b 608 Hz ( f2),
and ¢ 619 Hz (f3)

5.5.5 Robustness Demonstration

The AF effect based on the MMR mode exhibits strong robustness. As shown in
Fig. 5.46, the AF effect remains effective at different incident angles, with intensities
at the center of the system of approximately 40, 30, and 20 Pa” for incident angles
of 15°, 30°, and 45°, respectively. The AF effect can be excited at various incident
angles, demonstrating its robustness. The decrease in sound intensity in the central
region is due to the reduction in sound energy captured by the system surface as the
incident angle increases.
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Fig. 5.47 Schematic of the a hexagon, b rectangle, and ¢ triangle ring-shaped systems

The proposed AF effect also exists in systems with different shapes. We design
three ring-shaped systems using different numbers of unit cells: hexagon, rectangle,
and triangle ring-shaped systems, as shown in Fig. 5.47a—c. The distances between
adjacent unit cells are d, = 14 cm, d3 = 14 cm, d4 = 21 cm, and ds = 28 cm, with
the unit cell parameters matching those in Fig. 5.30.

Similar to the results shown in Fig. 5.38a, the AF effect is also obtained in the
central region of the three ring-shaped systems with different shapes (Fig. 5.48). The
intensities at the center reach about 100, 20, and 60 Pa” in Fig. 5.48a—c, respectively.
This indicates that the AF effect based on the MMR mode can be achieved in various
ring-shaped systems. Such a flexible AF system can be applied to a wide range of
specific scenarios involving ring-shaped AF systems. These results demonstrate the
strong robustness of the AF effect based on the MMR mode.
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Fig. 5.48 Simulated intensity distributions caused by a hexagon (738 Hz), b rectangle (754 Hz),
and c triangle (713 Hz) ring-shaped systems
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5.6 Conclusion

This chapter investigates the phenomenon of AF using ring-shaped metamaterials,
both in water and air. The AF effect is achieved through the excitation of eigenmodes
in the ring structures, leading to perfect focusing of sound energy at specific points.
The chapter discusses single-layer and multi-layer ring structures, demonstrating
multi-focus AF and its potential applications in underwater detection and medical
ultrasound. The physical mechanisms, including Mie-resonance modes and the role
of ring geometry, are analyzed. Experimental measurements using Schlieren imaging
demonstrate the theoretical predictions. The chapter also explores the potential appli-
cations of AF in acoustic encryption communication, beam splitters, and direc-
tional transmitters, highlighting the versatility and high performance of ring-shaped
metamaterials in sound manipulation.
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Chapter 6
Acoustic Focusing by Phase-Controlled e
Metamaterials

6.1 Introduction

Phase-controlled metamaterials are designed and fabricated using artificial
microstructure technology, enabling precise shaping of acoustic wavefronts. By
tuning structural parameters of phased unit cells and adjusting their output phases,
incident acoustic waves experience different phase delays as they pass through the
phase-controlled metamaterials. By precisely arranging these phased unit cells, sound
energy can be focused at specific spatial positions. This technology has significant
application potential in medical ultrasound diagnosis and imaging, non-destructive
testing, architectural design, ocean energy collection, military applications, and more.
However, previously demonstrated AF lenses are typically composed of a series of
phased unit cells with varying parameters, which increases fabrication complexity
and requires high-precision machining. Additionally, most phased unit cells are
specific resonant structures with fixed bandwidths, limiting the AF lenses to narrow
frequency bands and restricting their practical applications. Therefore, designing
broadband AF lenses composed of phased meta-atoms with identical sizes remains
a significant challenge.

In this chapter, we numerically design and experimentally demonstrate three types
of AF lenses using phase-controlled metamaterials based on the generalized Snell’s
law. First, we propose a broadband AF lens composed of six types of phased unit
cells, each consisting of different numbers of cavity meta-atoms [1]. The phase delay
mechanism differs from other phased unit cells by tuning structural parameters. The
fractional bandwidth of this AF lens is 0.24. Additionally, we discuss the design and
performance of binary-phase AF lenses and reflected AF lenses in detail. Second, we
design an ultra-broadband AF lens with phase control, where the phased unit cells
consist of different numbers of V-shaped meta-atoms [2]. The measured fractional
bandwidths of the AF lenses composed of eight and two types of phased unit cells are
1.12 and 0.76, respectively, demonstrating ultra-broad bandwidth and high robust-
ness. Finally, we propose a flexible AF lens with phase control, constructed from
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metafiber bundles [3]. Each metafiber, made of eight circular and narrow rectangular
cavities, exhibits flexible characteristics. The fractional bandwidth of the AF effect
is 0.2. Furthermore, using the flexibility of the metafiber, we design AF lenses with
different focal lengths and incorporate rigid scatterers within the lens structure. We
also discuss the applications of metafiber bundles in direction converters, waveform
converters, and AF lenses for cylindrical sound sources. The designed AF lenses
have potential applications in acoustic communication, acoustic energy harvesting,
non-destructive detection, and medical ultrasound.

6.2 Acoustic Focusing by Cavity Meta-Atoms with Phase
Control

6.2.1 Design and Performance of Cavity Meta-Atom

Figure 6.1a schematically illustrates a cavity meta-atom composed of a square cavity
and two symmetric inclined channels [1]. The length and width of the cavity meta-
atom are / and d, respectively. The length of the solid structure, the length of the
square cavity, and the width and inclined angle of both channels are &, a, w, and 6,
respectively. The solid part of the cavity meta-atom is made of epoxy resin to satisfy
the sound-hard boundary condition. Figure 6.1b shows an EM model of the cavity
meta-atom. Throughout this work, we use the COMSOL Multiphysics software for
numerical simulations. The material parameters are as follows: p = 1180 kg/m?, ¢;
= 2720 m/s and ¢; = 1460 m/s for epoxy resin; p = 1.21 kg/m* and ¢ = 343 m/s for
air. The parameters /, d, h, a, w and @ are set to 20 mm, 7 mm, 12 mm, 5 mm, 2 mm,
and 58°, respectively.

Fig. 6.1 a Schematic of the !
cavity meta-atom and b its
EM model
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Fig. 6.2 a Simulated dispersion relationship of the cavity meta-atom in the I'X direction. b Simu-
lated effective acoustic velocity, density, and ¢ acoustic impedance of the EM, and simulated
transmission spectra of the cavity meta-atom and its EM

Figure 6.2a presents the dispersion relation of the cavity meta-atom in the I'X
direction. Above 7.4 kHz, the I'X direction is a pass band, indicating that acoustic
waves can propagate through the cavity meta-atom in the x direction. The relative
effective velocity v;, density p;, and impedance Z; of the EM, normalized by those
of air, can be calculated using Eqs. (2.15)—(2.18). Figure 6.2b shows the effective
acoustic velocity v, and density p;. In the range of 7.4-9.8 kHz, the imaginary parts
of v; and p, are negligible, indicating no resonance-induced loss in the cavity meta-
atom. Figure 6.2c presents the effective acoustic impedance Z, and the transmission
spectra. The black solid and red dashed lines represent the transmission spectra of
the cavity meta-atom and its EM model, respectively. Both spectra agree well, with a
transmission coefficient greater than 0.7 in the range of 7.4-9.1 kHz. This is because
the real part of Z, of the EM is approximately 1.0, and the imaginary part is close to
zero. Thus, the acoustic impedance of the EM matches well with air, and the high
transmission of the cavity meta-atom is attributed to weak viscous loss in air.

6.2.2 Design and Performance of Phased Unit Cell

As shown in Fig. 6.3, we design a phased unit cell composed of n-layer cavity meta-
atoms in air, with the incident acoustic wave located on the left side of the phased
unit cell. The distance between adjacent meta-atoms (/%) is 8 mm. Figure 6.4 shows
the transmission spectra of phased unit cells with different numbers of cavity meta-
atoms, where n is set to 2, 3, 4, 5, and 6. The transmission spectra exhibit similar
shapes as n increases, and the transmission coefficients exceed 0.7 in the range of
7.4-9.1 kHz. Thus, the designed phased unit cells have a broad working bandwidth.

Figure 6.5 shows the phase delays and transmission coefficients of phased unit
cells with different values of n at 7.95 kHz. As n increases, the phase delay gradually
increases, and the transmission coefficient approaches 1.0. The phase delays for the
six blue open circles are about n/3, 2n/3, n, 4n/3, ©, Sn/3, and 2=, corresponding to
phased unit cells with n = 1, 2, 3, 4, 5, and 6, respectively. Thus, the phase delays
of the phased unit cells can cover the full 2n range using the selected six cavity
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Incident wave n layers Transmitted wave
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Fig. 6.3 Schematic of the phased unit cell composed of n-layer cavity meta-atoms

Fig. 6.4 Simulated
transmission spectra of
phased unit cells with
different numbers of cavity
meta-atoms

Transmission
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Frequency (kHz)

meta-atoms. Figure 6.6 shows the simulated pressure distributions caused by phased
unit cells with n = 1, 2, 3, 4, 5, and 6. The phase delays are equally spaced from
0 to 2m in steps of n/3. Therefore, the phased unit cells can arbitrarily control the
acoustic wavefront by tuning the number of cavity meta-atoms. This design concept
differs from other phased unit cells that adjust structural parameters [4-8] and offers
advantages in ease of fabrication and flexible operation.

6.2.3 Design and Performance of AF Lens

Considering an acoustic wave with normal incidence in the x direction and phase
distributions in the y direction, the refraction angle 6, can be determined using
Eq. (2.41). To design an AF lens with a focal length of e, the propagation paths
of sound through the AF lens are shown in Fig. 6.7, where the refraction angle 6, is
expressed as



6.2 Acoustic Focusing by Cavity Meta-Atoms with Phase Control 187

1.0+ -11.0

0.8 - -10.8

0.6 | 0.6 -2
B @
a - E g
S- 4

0.4 ~04 §

02 F —0.2

L 2 SO P S S A T
] 2 3 4 5 6
n
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Therefore, the phase distribution of the AF lens in the y direction satisfies [6]:

p(y) = —kv/y* + b2 6.2)

sinf, = — (6.1)
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Fig. 6.7 Schematic of
acoustic propagation paths
through the AF lens

Focus
e

b d

In the AF lens, the parameters are set to e = 30 cm, f = 7.95 kHz, and ¢ = 343 m/s.
The theoretical continuous phase distribution in the y direction is shown in Fig. 6.8.
Based on the phase delays of the six types of phased unit cells, we select 81 discrete
phase delays in the y direction to design the AF lens, as shown in Fig. 6.9 [1].

Figure 6.10 shows the intensity distribution caused by the AF lens with and without
viscous loss in air. As shown in Fig. 6.10a, the acoustic wave transmits through the
lens, and the focus is located at (26 cm, 0) on the right side of the lens. Thus, the
focal length is 26 cm, close to the theoretical value of 30 cm. Additionally, as shown
in Fig. 6.10b, the AF effect with viscous loss is almost the same as that in Fig. 6.10a.
Figure 6.11a, b present the intensity distributions along lines I and II in Fig. 6.10,

Fig. 6.8 Theoretical —Theory © Discrete phase delays
continuous phase distribution
and discrete phase delays of
the AF lens with the six
types of phased unit cells

@

021

y(cm)
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AF lens with the six types of

Fig. 6.9 Schematic of the H
phased unit cells

Air

y

respectively, with results in free space shown for comparison. Compared to free
space, the intensity at the focus increases by about 10 times for the AF lens without
viscous loss. Moreover, the intensity at the focus decreases by only 4.6% with viscous
loss. Thus, the influence of viscous loss on focusing performance is negligible, and
the lens exhibits high-performance AF.

The designed AF lens has a broad working bandwidth. Figure 6.12 shows the
intensity distributions caused by the AF lens at different frequencies, with the lens
parameters identical to those in Fig. 6.10a. The AF effect is evident at these frequen-
cies, and the working bandwidth reaches 2.1 kHz. This results from the similar phase
distributions of the lens and the high transmission of the phased unit cells within the
AF working band. To demonstrate the broadband characteristic of the AF lens, we
calculate the Q factor, defined as Q = fo/Af [9], where f( and Af are the center
frequency and the bandwidth, respectively.

Figure 6.13 shows the maximum intensity spectrum at the focus. The parameters
fo and Af are about 8.4 kHz and 2.1 kHz, respectively, indicating a Q factor of about
4.0. Thus, the proposed AF lens has the advantage of broad bandwidth.

\p *(Pa’)

20 40
x(cm) a x{cm) b

Fig. 6.10 Simulated intensity distributions caused by the AF lens a without and b with viscous
loss of air at 7.95 kHz
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Fig. 6.11 Simulated intensity distributions along lines a I and b II in Fig. 6.10a, b
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Fig. 6.12 Simulated intensity distributions caused by the AF lens at a 7.56 kHz, b 8.50 kHz,
¢ 9.00 kHz, and d 9.66 kHz

6.2.4 Experimental Measurement

Figure 6.14a shows a sample photograph. The sample consists of a base plate and
cavity meta-atoms fabricated using epoxy resin via 3D printing. The base plate
measures 567 mm in length and 120 mm in width, and the sample parameters match
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those in Fig. 6.10a. Figure 6.14b illustrates the schematic of the sample assembly. The
base plate features a series of raised cylinders on its surface, and the cavity structure
is fixed to the base plate using four of these raised cylinders. Each cavity meta-atom
has four holes on its bottom surface, matching the size of the raised cylinders, as
shown in Fig. 6.14b. This design allows the cavity meta-atoms to be securely attached
to the base plate, forming the AF lens. After the experiment, the cavity meta-atoms
can be easily separated from the base plate and reused for other acoustic devices.
Compared to other phased unit cells with varying geometric parameters, the cavity
meta-atoms, being of the same size, are easier to fabricate and assemble without the
need to identify different geometric parameters.

Figure 6.15 shows the experimental set-up. The experiment is conducted in a
planar waveguide composed of two parallel plates measuring 2 m x 2 m x 1 cm.
Wedge-shaped absorbing foams at the boundaries of the planar waveguide create an
anechoic environment. The incident plane wave is generated by a speaker array driven
by a power amplifier. Acoustic pressure distributions are scanned using a microphone
(Briiel & Kjar type-4961) moved by a set of 2D motorized linear stages (Newport:
MIN300CC and ILS250CC). Another microphone is fixed toward the speaker array
as areference. The sound signal is recorded by the Briiel & Kj®r 3160-A-022 module
and analyzed using the PULSE Labshop software.

Figure 6.16a shows the simulated intensity distribution caused by the AF lens.
The upper insets display the measured and simulated intensity distributions at the
focus, which agree well with each other. Additionally, the intensity distributions
along lines III and IV in Fig. 6.16a are presented in Fig. 6.16b. We observe that the
intensity distributions agree very well between the measurement and the simulation.
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Fig. 6.14 a Photograph of the sample and b schematic of the sample assembly

Fig. 6.15 Schematic of the
experimental set-up for the
AF lens in Fig. 6.14a
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Fig. 6.16 a Measured and simulated intensity distributions caused by the AF lens at 7.95 kHz, and
b the intensity distributions along lines III and IV in (a)

The aforementioned results demonstrate the performance of the AF lens with the six
types of phased unit cells.

6.2.5 Performance Modulation

Figure 6.17a, b show the theoretical continuous phase distributions and discrete phase
delays of the AF lenses with focal lengths of 10 cm and 50 cm, respectively. The
parameters of the six types of phased unit cells are the same as those in Fig. 6.5.
Based on the discrete phase delays in Fig. 6.17a, b, we design AF lenses with focal
lengths of 10 and 50 cm, as shown in Fig. 6.18a, b, respectively. The AF effect
exists for both lenses, with focal lengths of 7 and 44 cm, respectively, close to their
theoretical values. This demonstrates the ability to design AF lenses with different
focal lengths.

6.2.6 Design and Performance of Binary-Phase AF Lens

To further simplify the AF lens structure, we design an AF lens using two types of
phased unit cells with a phase difference of , while keeping the other parameters
unchanged. We select the phased unit cells with » = 1 and 4 for this design. Figure 6.19
shows the theoretical continuous phase distributions and discrete phase delays of
the AF lens with the two types of phased unit cells. The corresponding AF lens is
schematically shown in Fig. 6.20.
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Fig. 6.17 Theoretical continuous phase distribution and discrete phase delays of the AF lenses
with focal lengths of a 10 cm and b 50 cm at 7.95 kHz
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Fig. 6.18 Simulated intensity distributions caused by the AF lenses with focal lengths of a 10 cm
and b 50 cm at 7.95 kHz

Figure 6.21 shows the intensity distributions caused by the AF lens. A clear focus
is obtained at the position of (25 cm, 0). Figure 6.22 presents the longitudinal and
transverse intensity distributions through the focus with and without the AF lens.
The intensity at the focus caused by the AF lens is about 8 times greater than that
in free space, indicating that the AF lens with the two types of phased unit cells
exhibits high performance. Compared to the AF lens with six types of unit cells, the
intensity at the focus decreases significantly in Fig. 6.22. However, the proposed AF
lens, composed of only two types of phased unit cells, offers advantages in ease of
fabrication and high robustness.



6.2 Acoustic Focusing by Cavity Meta-Atoms with Phase Control

Fig. 6.19 Theoretical
continuous phase
distribution and discrete
phase delays of the AF lens
with the two types of phased
unit cells (n = 1 and 4)

Fig. 6.20 Schematic of the
AF lens with the two types of
phased unit cells

Fig. 6.21 Simulated
intensity distributions caused
by the AF lens with the two
types of phased unit cells at
7.95 kHz
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Fig. 6.22 Simulated intensity distributions along lines a V and b VI with and without the AF lens
in Fig. 6.21

6.2.7 Design and Performance of Reflected AF Lens

Finally, we design a reflected AF lens based on cavity meta-atoms. Figure 6.23 shows
the reflected unit cell composed of n-layer cavity meta-atoms. The left side of the
unit cell is set as a sound-hard boundary, and the incident acoustic wave is located
on the right side.

Figure 6.24 shows the phase delays of the reflected unit cells with different values
of n. The phase delays for n = 1, 2, and 3 are about 0.54n, 1.24n, and 2w, respec-
tively. As n increases, the reflected phase delay gradually increases, covering the full
2n range with only three cavity meta-atoms. This is because the propagation path
of sound in the reflected unit cell is about twice that in the transmitted unit cell.
Figure 6.25 shows the pressure distributions caused by the reflected unit cells with n
=1, 2, and 3. As n increases, the reflected phase delay increases. Based on the three
types of reflected unit cells, we design a reflected AF lens.

Figure 6.26 shows the theoretical continuous phase distribution and discrete phase
delays of the reflected AF lens, with parameters e, f, and ¢ matching those of the
AF lens in Fig. 6.8. Figure 6.27 schematically illustrates the reflected AF lens. The

Sound hard Reflected Incident
boundary n layers wave wave

i e BN

X

—

Fig. 6.23 Schematic of the reflected unit cell composed of n-layer cavity meta-atoms
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Fig. 6.25 Simulated reflected pressure distributions caused by the reflected unit cells with different
values of n at 7.95 kHz

reflected intensity distribution caused by the AF lens is shown in Fig. 6.28. The
acoustic wave is reflected by the AF lens, and the reflected sound energy is focused
on the right side of the lens.

Figure 6.29 presents the longitudinal and transverse intensity distributions through
the focus with and without the AF lens, with field distributions in free space shown
for comparison. Compared to free space, the intensity at the focus with the AF lens
isincreased by 11 times, which is slightly larger than that in Fig. 6.11. This is due to
the reflection coefficient of the unit cells being about 1.0, owing to the sound-hard
boundary. Therefore, the reflected AF lens achieves high-performance AF.
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Fig. 6.29 Simulated reflected intensity distributions along lines a VII and b VIII with and without
the reflected AF lens in Fig. 6.28

6.3 Ultra-Broadband Acoustic Focusing by V-Shaped
Meta-Atoms with Phase Control

6.3.1 Design and Performance of V-Shaped Meta-Atom

As shown in Fig. 6.30a, the proposed V-shaped meta-atom consists of two symmetric
inclined slides made of epoxy resin [2]. The structure of the V-shaped meta-atom is
determined by the following parameters: [ = 14.6 mm, 4 = 9.0 mm, 6 = 78°, w =
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Fig. 6.30 a Schematic of the V-shaped meta-atom and b its EM model

0.5 mm, and # = 0.5 mm. Throughout this work, we use the COMSOL Multiphysics
software to simulate the characteristics of AF. The V-shaped meta-atom is made of
epoxy resin to satisfy the sound-hard boundary condition. The material parameters
used in the models are as follows: density p = 1.21 kg/m? and sound velocity ¢ =
343 m/s for air; p = 1180kg/m? and ¢ = 2720 m/s for epoxy resin. Figure 6.30b shows
an EM model of the meta-atom, which is used to simulate its effective parameters
based on Egs. (2.15)—(2.18).

Figure 6.31 shows the dispersion relationship of the V-shaped meta-atom. We
can see that the I'X direction exhibits a pass band below 13.0 kHz, indicating that
acoustic waves can transmit through the V-shaped meta-atom in the x direction. As
shown in Fig. 6.32a, the real part of the effective acoustic impedance Z; is below 4
for frequencies under 13.0 kHz, with most values around 1.0 below 9.0 kHz. Addi-
tionally, the imaginary part of Z; is close to zero, demonstrating high performance
of the V-shaped meta-atom. We also simulate the relative refractive index n, of the
meta-atom and compare it with the EM model, as shown in Fig. 6.32b. Both results
agree well below 13.0 kHz.

6.3.2 Design and Performance of Phased Unit Cell

By varying the number (N) of V-shaped meta-atoms, we design a phased unit cell
with different phase delays and high transmission, which is shown in Fig. 6.33. In this
design, adjacent meta-atoms are placed close to each other. The incident sound source
is located on the left side of the phased unit cell, and the upper and lower boundaries
(the red solid lines) are set as periodic boundary conditions. Figure 6.34a shows the
relative refractive index n, of the phased unit cells with different numbers of meta-
atoms. As N increases, the refractive index spectra exhibit a gentle and similar trend,
with nearly equal differences between adjacent curves. Additionally, the transmission
spectra of the phased unit cells have similar shapes, with transmission coefficients
greater than 0.7 below 13.0 kHz, as shown in Fig. 6.34b. This demonstrates the
feasibility of designing an AF lens with an ultra-broadband characteristic.
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Fig. 6.33 Schematic of the phased unit cell composed of N-layer V-shaped meta-atoms
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Fig. 6.34 a Simulated relative refractive index n; and b transmission spectra of the phased unit
cells with different values of N

Next, we simulate the transmission coefficients and phase delays of the phased
unit cells with different values of N at 8.58 kHz, as shown in Fig. 6.35. For N
ranging from 1 to 8, the transmission coefficients exceed 0.9, and the phase delays
increase gradually, covering the entire 2r range with a step of n/4. For comparison,
we theoretically calculate the phase delays of the phased unit cells based on the
relative refractive index n, of the EM at 8.58 kHz and the wave number £ in air. The
theoretical phase delays are consistent with the simulated results. To further illustrate
this, we simulate the pressure distributions caused by phased unit cells with different
values of N. Figure 6.36 presents the simulated pressure distributions, showing that
as N increases, the phase delays gradually increase and cover the entire 2x range.
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Fig. 6.36 Simulated pressure distributions caused by the phased unit cells with different values of
N at 8.58 kHz

6.3.3 Design and Performance of Ultra-Broadband AF Lens

Based on Eq. (6.2), we calculate the theoretical and discrete phase distributions of the
AF lens using the parameters b = 30 cm, f = 8.58 kHz, and ¢ = 343 m/s. The acoustic
propagation paths through the AF lens with the eight types of phased unit cells and
the sample photograph of are shown in Fig. 6.37a, b, respectively. Figure 6.38 shows
the phase distribution of the AF lens with the eight types of phased unit cells, where
the blue solid lines represent the theoretical continuous phase distribution and the
red open circles represent the discrete phase delays.

Next, we simulate the intensity distribution caused by the AF lens, with the initial
amplitude of the incident wave set to 1.0 Pa. As shown in Fig. 6.39, the incident wave
passes through the AF lens and focuses on a point (29.2 cm, 0) on the right side, close
to the theoretical focal length of 30 cm. We measure the intensity distribution in the
focusing region (red open square R1), and the experimental set-up is schematically
shown in Fig. 6.40. The sample is placed in a planar waveguide composed of two
parallel plates (2 m x 2 m x 1 cm), with wedge-shaped absorbing foams placed at
four boundaries to create an anechoic environment. The incident wave is generated
by a speaker array driven by a power amplifier. Two microphones (Briiel & Kjer
type-4961) are used to measure sound pressure. Microphone 1 is moved flexibly by
a set of 2D motorized linear stages to measure sound amplitudes, while microphone
2 is fixed toward the speaker array to detect reference signals. The measured data is
recorded and analyzed using the Briiel & Kjer 3160-A-022 module.

As shown in the insets on the right side of Fig. 6.39, the measured intensity
distribution of the focus matches well with the simulated result, demonstrating the
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feasibility of the AF lens. To quantify the focusing performance, we display the
normalized intensity distributions along lines I and II for both simulated and measured
results in Fig. 6.39, as shown in Fig. 6.41. The corresponding result in free space
is also plotted for comparison. The maximum value of Ipl? is enhanced by 10 times
compared to free space, indicating high performance of the AF lens. The measured
intensity distributions in both directions agree well with the simulated ones. To show
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Fig. 6.39 Measured and simulated intensity distributions caused by the AF lens at 8.58 kHz. The
red arrows represent the incident acoustic wave
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the working bandwidth of the lens, we simulate the intensity spectrum along line II
in Fig. 6.39, as shown in Fig. 6.42. In the range of 3.75-13.25 kHz, the maximum
value of IpI2 at the focus exceeds 4.0 Pa2. Based on this, the working bandwidth of the
AF lens reaches 9.5 kHz, with a fractional bandwidth of about 1.12, demonstrating
an ultra-broadband characteristic of the lens.

In addition to the aforementioned results, we further experimentally verify the
ultra-broadband characteristic of the AF lens. Figure 6.43 shows the measured and
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Fig. 6.41 Measured and simulated intensity distributions along lines a I and b II in Fig. 6.39
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simulated intensity distributions caused by the AF lens at different frequencies. The
measured results and their corresponding simulations in red open squares R2-R5 are
plotted on the upper and bottom sides. The measurements and simulations agree well
with each other, as the refractive index spectra of the eight types of unit cells exhibit
a gentle and similar trend below 13.0 kHz (Fig. 6.34a). Thus, the ultra-broadband
characteristic of the AF lens is experimentally demonstrated.



6.3 Ultra-Broadband Acoustic Focusing by V-Shaped Meta-Atoms ... 207

Sl E Sl

“
-4
o T
—_ =,
g ]
S 3
= =
£
=
max.
3
+. ]
Z
o
— TN
) B,
S 9
il L¥]
= L
= =
o
o
..‘-‘IJ
-
=30 min.

Fig. 6.43 Measured and simulated intensity distributions caused by the AF lens at a 6.7 kHz,
b 8.7 kHz, ¢ 10.0 kHz and d 11.5 kHz. The eight insets show measured and simulated intensity
distributions in red open squares R2-R5

6.3.4 Parameter Analysis

We also discuss the influence of viscous loss on the AF effect. As shown in Fig. 6.44,
introducing the viscous loss of air has almost no effect on the AF performance
compared to the case without viscous loss (Fig. 6.39). To further illustrate this, we
simulate the intensity distributions along the focus with and without viscous loss, as
shown in Fig. 6.45. The maximum intensity decreases by only 4% with viscous loss,
indicating that the viscous loss of the AF lens is negligible.
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Fig. 6.45 Simulated intensity distributions along lines a I and III and b lines II and IV in Fig. 6.39
and 6.44

6.3.5 Design and Performance of Binary-Phase AF Lens

To demonstrate the robustness of the AF lens, we design a lens composed of two
types of phased unit cells (Fig. 6.46a) with a phase difference of w, corresponding to
N =4 and 8. The sample photograph is shown in Fig. 6.46b. The phase distribution
of the AF lens is displayed in Fig. 6.47. Figure 6.48 shows the simulated intensity
distribution caused by the AF lens at 8.58 kHz. The AF effect is still present, and the
maximum intensity at the focus is close to that in Fig. 6.39.

Figure 6.49 presents the simulated intensity spectrum along the white dashed line
in Fig. 6.48. The working bandwidth of the AF lens is 5.4 kHz, with a fractional
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bandwidth of 0.76, demonstrating the high robustness of the ultra-broadband AF
lens. The reduction in bandwidth is attributed to the larger difference between the
theoretical and discrete phase distributions (Fig. 6.47). Furthermore, the maximum
intensities at the focus exceed 2.0 Pa? in the range of 2—12 kHz, further confirming
the ultra-broadband characteristic of the lens.

Finally, we experimentally verify the robustness of the ultra-broadband feature.
As shown in Fig. 6.50, the lens maintains high AF performance at 5.3, 6.3, 7.3,
and 8.3 kHz, with the maximum values of Ipl* at the focus exceeding 4.0 Pa®. The
measured and simulated results in red open squares R6-R9 match well with each
other. Therefore, the ultra-broadband characteristic of the AF lens composed of
two types of phased unit cells is experimentally confirmed, demonstrating its high
robustness.
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Fig. 6.50 Measured and simulated intensity distributions caused by the AF lens composed of two
types of phased unit cells at a 5.3 kHz, b 6.3 kHz, ¢ 7.3 kHz, and d 8.3 kHz. The eight insets show
measured and simulated intensity distributions in red open squares R6—R9
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6.4 Flexible Acoustic Focusing by Metafiber Bundles
with Phase Control

6.4.1 Design and Performance of Acoustic Metafiber

As schematically illustrated in Fig. 6.51, an acoustic metafiber consists of eight
unit cells [3]. Each unit cell contains a circular cavity with radius r and a narrow
rectangular cavity with length / — 2r and width d. The cavities are filled with air and
made of epoxy resin to satisfy the sound-hard boundary condition. In this study, the
COMSOL Multiphysics software is used to simulate the focusing characteristics. In
the simulations, the acoustic-structure boundary condition is applied to the outer and
inner boundaries of the metafiber. The parameters of the metafiber are [ = 30 mm,
d = 1.5 mm, and » = 5 mm. Additionally, the material parameters of air are density
p = 1.21 kg/m? and acoustic velocity ¢ = 344 m/s. The mass density, Young’s
modulus, and Poisson’s ratio of the epoxy resin are 1050 kg/m?, 5.08 GPa, and 0.35,
respectively.

An example of a metafiber unit cell is shown in Fig. 6.52a, along with the simulated
pressure amplitude distribution of mode A (the blue point) in band II (the red solid
line) at k = 0. The amplitude distributions of mode A on both sides of the unit cell are
identical. Similar characteristics can also be obtained in band III [10]. In this work,
the performance of the metafiber in band II is studied in detail. Figure 6.52b shows the
transmission spectrum of an acoustic metafiber. The transmission coefficient exceeds
0.5 in the range of 7.38-8.75 kHz (the black shaded region) and approaches 1.0 in
the range of 7.50-8.21 kHz. This frequency range closely matches that of band II.
Thus, the high transmission and broad bandwidth characteristics are attributed to the
eigenmode of the metafiber.

Figure 6.53 shows the phase delays ¢ and the transmission coefficients of
metafibers with different values of r, while keeping other parameters constant. As
shown in Fig. 6.53, as the parameter r increases, the transmission coefficient remains
above 0.8, and the phase delay ¢ spans the entire 2r range. To clearly demonstrate
the phase delays of the metafibers, eight values of r (the blue open circles) are

[

i e

Fig. 6.51 Schematic of the acoustic metafiber
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Fig. 6.52 a Simulated pressure amplitude eigenfunction of a metafiber unit cell at k = 0 and
its dispersion relationship. The eigenfrequency of mode A is 8893 Hz. b Simulated transmission
spectrum of the acoustic metafiber

selected to achieve eight equally spaced phase delays from O to 2rt. The values of r
for the eight blue open circles are 5.547, 5.419, 5.277, 5.113, 4.916, 4.669, 4.382,
and 3.660 mm, corresponding to phase delays of n/4, n/2, 3n/4, n, Sn/4, 3n/2, Tn/
4, and 2, respectively. Figure 6.54 presents the pressure distributions through the
metafibers with different values of r, where the incident acoustic wave is located
on the left side. The results clearly show that the transmitted waveform matches the
incident waveform, and the phase delay is equally spaced from 0 to 2= in steps of n/
4. Therefore, acoustic propagation paths can be arbitrarily manipulated by designing
desired phase distributions of metafiber bundles.

Fig. 6.53 Simulated phase

delays (the blue solid line) 1.0
and transmission coefficients
(the red dashed line) for 0.8
acoustic metafibers with A
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8.0 kHz 0.6 g
z
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—
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Fig. 6.54 Simulated pressure distributions caused by the eight acoustic metafibers with different
values of r (the blue open circles in Fig. 6.53) at 8.0 kHz

To demonstrate the flexibility of the acoustic metafiber, the metafiber structure
is bent at different angles 6 at the center point. Figure 6.55 shows the transmission
coefficients and phase delays of the acoustic metafibers with different values of 6. It is
evident that the phase delay and transmission coefficients remain nearly unchanged
for different values of 6, with the transmission coefficient close to 1.0. Thus, a flexible
acoustic metafiber with high transmission and phase manipulation can be achieved.

Fig. 6.55 Schematic of the 2.0
acoustic metafiber with p—— 1.0
bending angle 6. Simulated F T T T T T T T )
phase delays (the blue solid
line) and transmission ot 40.8
coefficients (the red dashed
line) for acoustic metafibers
with different values of § at " -0.6
8.0 kHz =

Transmittance




6.4 Flexible Acoustic Focusing by Metafiber Bundles with Phase Control 215

6.4.2 Design and Performance of AF Lens

Based on Eq. (6.2), an AF lens can be designed using acoustic metafibers with
different values of r. The parameters are selected as b = 30 cm, f = 8.0 kHz,
and ¢y = 343 m/s. The theoretical continuous phase distribution of the AF lens in
the y direction is shown in Fig. 6.56. Based on the theoretical curve, 31 discrete phase
delays are selected to design the AF lens with metafibers, with a distance of 12 mm
between adjacent metafibers.

Figure 6.57 shows the intensity distribution through the metafiber bundles with
different bending angles. As shown in Fig. 6.57a, the acoustic wave can transmit
through the metafiber bundle and focus on the right side, indicating that the AF
effect can be achieved with the metafiber bundle. The center position of the focus
is located at (52.6 cm, 0), and the focal length is 28.6 cm, which is close to the
theoretical value of 30.0 cm. Moreover, due to the flexible nature of the metafiber
bundle, the focus position can be controlled by bending the metafiber bundle without
altering its phase distribution. As examples, the metafiber bundle is bent at 15°, 30°,
and 45° at the center point, as shown in Fig. 6.57b—d, respectively. The AF effect
with high performance exists at different bending angles. However, as the bending
angle increases, the focus position gradually shifts to the upper left, resulting from
the change in the output surface position of the metafiber bundle.

To further demonstrate the performance of the AF lens at different bending angles,
the intensity distributions along lines I and II in Fig. 6.57 are simulated, and the
corresponding results are displayed in Fig. 6.58. Without bending the metafiber
bundle (0°), the intensity at the center of the focus reaches about 9.0 Pa2, indicating

Fig. 6.56 Theoretical — Theory © Discrete phase delays
continuous phase distribution
and discrete phase delays of
the AF lens composed of 31
metafibers at 8.0 kHz

o/n
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Fig. 6.57 Simulated intensity distributions caused by the AF lenses with bending angles of a 0°,
b 15°, ¢ 30°, and d 45° at 8.0 kHz

high focusing performance in both directions. As the bending angle increases, the
focus position gradually shifts to the upper left, and the intensity at the center of
the focus remains above 8.0 Pa’, which is at least eight times greater than that in
free space. Additionally, as shown in Fig. 6.58b, the FLHM can reach 0.66\. These
results demonstrate that the metafiber bundles can achieve the AF effect with high
performance, and the focus position can be controlled by bending the metafiber
bundle due to its flexible nature.

10
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Fig. 6.58 Simulated intensity distributions along lines a I and b II in Fig. 6.57a-d
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Fig. 6.59 Simulated intensity distribution caused by the AF lens at a 7.6 kHz, b 7.9 kHz, ¢ 8.2 kHz,
and d 8.6 kHz

Owing to the broadband characteristics of the metafibers, the proposed AF lens
has a broad working bandwidth. Figure 6.59 shows the intensity distributions caused
by the metafiber bundle at 7.6, 7.9, 8.2, and 8.6 kHz, with the lens parameters being
the same as those in Fig. 6.57a. As shown in Fig. 6.59, the proposed lens exhibits
high focusing performance at these frequencies, with intensities at the center of the
focus exceeding 4.0 Pa’. Additionally, the focus position shifts to the right as the
frequency increases, which can be used to manipulate the focal length of the lens.
Figure 6.60 shows the intensity spectrum at the center of the focus. In the range of
7.15-8.65 kHz (the black shaded region), the intensities at the center of the focus
exceed 3.0 PaZ. Based on this, the working bandwidth of the lens is 1.5 kHz, resulting
in a fractional bandwidth of 0.2. Thus, the proposed AF lens has a broad bandwidth,
and the focal length can be controlled by the incident frequency.

6.4.3 Experimental Measurement

Figure 6.61 shows a photograph of the sample composed of 31 acoustic metafibers
with a bending angle of 30°, fabricated using epoxy resin via 3D printing. The
parameters of the sample are the same as those in Fig. 6.57c. The experimental set-
up is shown in Fig. 6.62, where the experiment is conducted in a planar waveguide
composed of two parallel plates (dimensions 2 m x 2 m x 1 cm). Wedge-shaped
sound-absorbing foams at the boundaries of the planar waveguide create an anechoic
environment. The incident plane wave is generated by a speaker array driven by a
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power amplifier. The acoustic pressure distribution is scanned using a microphone
(Briiel & Kjar type-4961) moved by a set of 2D motorized linear stages (Newport:
MIN300CC and ILS250CC). Another microphone is fixed toward the speaker array
to measure the reference acoustic signal. The data is recorded by the Briiel & Kjaer
3160-A-022 module and analyzed using PULSE Labshop software.

Figure 6.63 shows the simulated intensity distribution caused by the metafiber
bundle, with the insets on the right sides presenting the simulated and measured
intensity distributions at the focus. The experimental results agree well with the
simulated ones. Figure 6.64 shows the intensity distributions along lines III and IV
in Fig. 6.63. The intensity distributions from the measured and simulated results
are in excellent agreement. These results demonstrate that the AF lens composed of
metafiber bundles with a certain bending angle exhibits high focusing performance.

Fig. 6.61 Photograph of the N i TTTTTTTTTT
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Fig. 6.62 Schematic of the experimental set-up for the AF lens in Fig. 6.61
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Fig. 6.63 Measured and simulated intensity distributions caused by the sample at 8.0 kHz

6.4.4 Performance Modulation

219

Based on its flexible characteristics, the designed AF lens can bypass rigid scatterers
placed inside the metafiber bundle. As shown in Fig. 6.65a, b, a diamond and a
square hidden region are designed inside the AF lens by symmetrically bending the
metafiber bundle at 30° and 45°, respectively. The other parameters of the AF lens are
the same as those in Fig. 6.57a. Rigid scatterers are placed in the two hidden regions
of the AF lens. The rigid scatterers have no effect on the acoustic waves inside



220 6 Acoustic Focusing by Phase-Controlled Metamaterials
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the metafiber bundles, and the AF effect is still achieved on the right side of the
metafiber bundles, with the intensity at the center of the focus nearly identical to that
in Fig. 6.57a. Based on this, the AF lens with different bending angles and positions
can bypass rigid scatterers of various shapes and positions, further expanding the
potential applications of the AF lens.
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Furthermore, we can change the propagation direction of sound using metafiber
bundles, even for the focusing direction. As shown in the blue region of Fig. 6.66,
a right-angled direction converter is designed using 31 metafibers with different
parameters. Here, w; (i = 1, 2, ..., 31) represents the length of the ith metafiber, e is
the distance between adjacent metafibers, and the length difference w;.; — w; = 2e.
To achieve a perfect change in the propagation direction of sound, the parameters of
each metafiber are adjusted to ensure a continuous phase distribution between both
sides of the direction converter. The phase delays of the metafibers primarily depend
on the radius of the circular cavity r, the width of the rectangular cavity d, the length
of the rectangular cavity /, and the number of unit cells N in the metafibers. The
lengths of the first and last metafibers are w; = 3.394 mm and w3; = 54.306 mm,
respectively, and the distance between adjacent metafibers is e = 8.485 mm. The
parameters [, N, r, and d for the 31 metafibers in the direction converter are shown
in Fig. 6.67a, b. Based on these parameters, as shown in Fig. 6.67c, the differences
in phase delays Ag on both sides of these metafibers are less than 0.02xn, and most
of the transmission coefficients exceed 0.9, approaching 1.0.

As shown in Fig. 6.68a, the incident plane wave is located on the left side of the
direction converter and passes through it with high transmission. Notably, the propa-
gation direction of the output wave is perpendicular to that of the incident wave, and
the transmitted acoustic waveform matches the incident one. Additionally, as shown
in Fig. 6.68b, the phase distribution on both surfaces of the direction converter is

[

Direction converter

o

|||| 4,

i

Fig. 6.66 Schematic of the right-angled direction converter
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Fig. 6.67 Parametersa/and N, b r and d, and ¢ the phase differences and transmission coefficients
of the 31 metafibers in the right-angled direction converter

continuous, with the phase difference close to zero. Therefore, the direction converter
enables the change in the propagation direction of sound.

By simultaneously incorporating the AF lens (the orange regions in Fig. 6.66),
the direction of AF can also be controlled using the direction converter. Figure 6.68c
shows the intensity distribution caused by an attached structure composed of the AF
lens and the direction converter, where the numbers of metafibers in both systems are
the same. We can see that the transmitted sound energy is focused on the upper side
of the attached structure, and the focusing direction is perpendicular to the incident
one. These results demonstrate that the AF lens composed of metafiber bundles offers
the advantages of a flexible structure, broad bandwidth, and convenient control.
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Fig. 6.68 Simulated a acoustic pressure and b phase distributions caused by the direction converter
at 8.0 kHz. ¢ Simulated intensity distribution caused by the attached structure composed of the
direction converter and the focusing lens at 8.0 kHz
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6.4.5 Design and Performance of AF Lens for Cylindrical
Sound Source

Based on the generalized Snell’s law, a focusing lens composed of metafiber bundles
can be designed for a cylindrical sound source. In this design, the discrete phase
distributions of the metafiber bundles in the y direction satisfy:

P () = —k(\/y2 B+ l%>, (6.3)

where /] and [, are the distances between the cylindrical acoustic source and the
metafiber bundles and the focal length, respectively. In the simulations, the parame-
ters are selected as [} = /; =20 cm, and the theoretical continuous phase distribution
of the AF lens is shown in Fig. 6.69. Based on the theoretical phase curve, the
metafiber bundles are designed using 31 discrete phase delays in the y direction,
with a distance of 12 mm between adjacent metafibers.

Figure 6.70a shows the intensity distribution caused by the AF lens under the
excitation of the cylindrical sound source. The cylindrical acoustic wave transmits
through the metafiber bundle and focuses on the right side. The center position of the
focus is located at (43.8 cm, 0), and the focal length is 19.8 cm, which is close to the
theoretical value of 20 cm. This result demonstrates that the AF effect for the cylin-
drical sound source can also be achieved using the metafiber bundle. Additionally, as
shown in Fig. 6.70b—d, as the bending angle increases, the AF effect is maintained,
and the focus position gradually shifts to the upper left, consistent with the results in

Fig. 6.69 Theoretical — Theory © Discrete phase delays
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distributions and discrete 20F
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Fig. 6.70 Simulated pressure distributions through the AF lens with bending angles of a 0°, b 15°,
¢ 30°, and d 45° under the excitation of the cylindrical sound source at 8.0 kHz

Fig. 6.57b—d. Based on these findings, we conclude that the metafiber bundles can
be applied for wavefront conversion and AF for cylindrical sound sources.

6.5 Conclusion

This chapter explores AF techniques based on phase-controlled metamaterials,
focusing on the design of three types of AF lenses. First, a broadband AF lens
composed of cavity meta-atoms is proposed, achieving wideband focusing by
adjusting the number and structural parameters of the cavity meta-atoms. Second,
an ultra-broadband AF lens using V-shaped meta-atoms is designed, demonstrating
high bandwidth and robustness. Finally, a flexible AF lens based on metafiber
bundles is introduced, showcasing its focusing performance at various bending angles
and its potential applications in acoustic communication, energy harvesting, and
non-destructive testing. This chapter provides new design approaches for practical
applications of AF technology.
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Chapter 7 ®)
Acoustic Focusing by Thermoacoustic e
Phase-Controlled Metamaterials

7.1 Introduction

Thermoacoustic phase-controlled metamaterials are artificial structures capable of
manipulating sound based on temperature gradients. By adjusting the temperature of
air in each phased unit cell, different phase delays of sound can be achieved, enabling
the creation of desired refractive index gradients and complex sound manipula-
tions. In these metamaterials, acoustic waves propagate through a single medium—
air—at varying temperatures. This approach effectively overcomes the significant
impedance mismatch between lens materials (such as metal, epoxy resin, and rubber)
and the ambient medium (air or water), thereby enabling various broadband sound
effects. Utilizing temperature gradients, several acoustic devices have been real-
ized, including an AF lens [1-4], a reduced acoustic cloak [5], an acoustic omni-
directional absorber [6], and an acoustic system with asymmetric transmission [7].
These achievements inspire us to develop broadband AF lenses using thermoacoustic
phase-controlled metamaterials.

In this chapter, we design three types of AF lenses based on thermoacoustic phase-
controlled metamaterials, guided by the generalized Snell’s law, and discuss their
potential applications. First, we propose a broadband self-healing AF lens composed
of two symmetric thermoacoustic phased arrays (TPAs) of Airy beams. Each phased
unit cell is designed using air at different temperatures [8]. The self-healing AF effect
arises from the energy overlap of two symmetric Airy beams, resulting in minimal
energy loss even when a scatterer is present in the focusing path. The bandwidths of
the transmitted and reflected self-healing AF lenses are approximately 3.5 kHz and
4.8 kHz, respectively, demonstrating their broadband characteristics. We also discuss
the feasibility of thermal insulation films within the lens. Second, we design a long-
focus AF lens constructed from a TPA of Bessel-like beams [9]. The full length at
half maximum (FLHM) of the focus is 16.8X, and the fractional bandwidth is 0.77,
showcasing its long-focus and broadband AF properties. We further investigate the
long-focus AF lens for cylindrical acoustic sources and its design feasibility. Finally,
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we propose a reflected long-focus AF lens consisting of a TPA of Bessel-like beams
[10]. The focus length is about 2.0 m, and the fractional bandwidth is 0.29, also
exhibiting long-focus and broadband AF characteristics. These AF lenses, based on
TPAs, have potential applications in medical ultrasound, directional bird repelling,
and acoustic energy harvesting.

7.2 Self-Healing Acoustic Focusing by Thermoacoustic
Phased Arrays

7.2.1 Design and Performance of Thermoacoustic Phased
Unit Cell

Assuming air behaves as an ideal fluid, the acoustic velocity and density of air are
determined by the ambient temperature 7, expressed as [3, 11]:

c=,/yRT/M, (7.1)

p =poM /RT, 7.2)

where y = 1.4 is the ratio of the molar heat capacities of air, M = 28.97 x 107 kg/
mol is the molar mass of air, R = 8.31 J/(mol K) is the molar gas constant, and py =
101.325 kPa is the pressure at 273 K.

Figure 7.1 illustrates a thermoacoustic phased unit cell. The unit cell has a length
[ and width h, with the air inside at temperature 7. The blue solid lines at the upper
and lower sides represent rigid thermal insulation boundaries with thickness d, while
the red dashed lines at the left and right sides are thermal insulation films that do not
affect sound transmission. The incident acoustic wave is located at the left boundary,
and the ambient air temperature () remains constant. Throughout this work, we
use the COMSOL Multiphysics software to simulate the focusing characteristics.
The unit cell parameters are / = 8 cm, # = 1 cm, d = 0.05 cm, and Ty = 300 K.
We account for the effect of temperature on the thermal parameters of air [3, 11],
and the acoustic velocity and density of air are calculated using Eqs. (7.1) and (7.2),
respectively.

Figure 7.2 shows the phase delays and transmission spectra of phased unit cells
at different temperatures. As T increases, the phase delays cover the entire 2m
range, and the transmission coefficient remains above 0.8. The temperatures corre-
sponding to the eight blue open circles are 330, 410, 510, 650, 890, 1370, 2010,
and 2820 K, with phase delays of 2rn, 7n/4, 3n/2, 5n/4, m, 3n/4, n/2, and m/4,
respectively.
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7.2.2 Design and Performance of Self-Healing AF Lens

Based on Eq. (2.41), we can control the refraction angle 6, of sound through the TPA
by adjusting the phase gradient of dg(y)/dy. To realize an Airy beam of sound, the
phase distribution of ¢(y) of the TPA in the y direction can be expressed as [12, 13]:

@(y) = — arg[Ai(by) exp(ay + ikby sin 6)], (7.3)

ad 3
where Ai(by) = M is the Airy function, k is the wave number, a is a

positive value limiting the energy of the Airy beam, b is the transverse scale, and
6 controls the bending direction of the Airy beam. In this work, we propose an
AF lens composed of two TPAs of Airy beams symmetric about y = 0. The two
symmetric Airy beams from the TPAs focus on the overlapping region, leveraging
the self-bending characteristic of the Airy beam.
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For the TPA of the Airy beam, the parameters are set as a = 0.5, b = 20, § = 0.8°,
f =5.0kHz, and ¢y = 343 m/s. Based on Eq. (7.3), the theoretical continuous phase
distribution in the y direction is calculated, as shown in Fig. 7.3. Using the eight
types of phased unit cells with a step of n/4 from Fig. 7.2, we select 101 discrete
phase delays in the y direction to design the TPA of the Airy beam.

Figure 7.4a, b show the intensity distributions of the Airy beam generated by
the theoretical continuous phase distribution and the TPA, respectively. As shown in
Fig. 7.4b, the transmitted sound energy forms an Airy beam with a clear self-bending
characteristic, with energy concentrated in the main lobe. The Airy beam generated
by the designed TPA closely matches the theoretical one in Fig. 7.4a. Figure 7.4c, d
present the intensity distributions of the AF effect. The AF lens, composed of two
symmetric TPAs from Fig. 7.4b, allows the acoustic wave to pass through and focus
on the right side, demonstrating the AF effect achieved by two symmetric Airy beams.
The results in Fig. 7.4c, d agree well, confirming the feasibility and effectiveness of
the designed thermoacoustic AF lens.

Figure 7.5 shows the intensity distributions along lines I and II in Fig. 7.4d,
with results in free space provided for comparison. The AF effect is evident in both
horizontal and vertical directions. The focus is located at (133.8 cm, 0), with the
intensity at the center of the focus about 15 times higher than in free space, indicating
high focusing performance.

The proposed AF lens exhibits broad bandwidth. Figure 7.6 shows the intensity
distributions caused by the AF lens at4.3, 6.0, and 7.8 kHz, using the same parameters
asin Fig. 7.4d. The AF lens maintains high focusing performance at these frequencies,
with a bandwidth of 3.5 kHz. As the frequency increases, the focus size gradually
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increases, and the position shifts to the right, as shown in Fig. 7.7. This phenomenon
results from the change in the propagation path of the Airy beam with increasing
frequency. Thus, the proposed AF lens exhibits broadband characteristics, and the
focal length can be controlled by the incident frequency.

7.2.3 Demonstration of Self-Healing Characteristic

Due to the self-healing property of the Airy beam, a scatterer placed in the propagation
path of the AF has minimal impact on the AF effect. Figure 7.8 shows the intensity
distributions caused by the AF lens with a rectangular scatterer placed horizontally
and vertically in the propagation path. The scatterer is positioned at (70 cm, 0),
with a length of 20 cm and a width of 12 cm. While the scatterer causes strong
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Fig. 7.8 Simulated intensity distributions caused by the AF lens with a rectangular scatterer placed
a horizontally and b vertically in the propagation path

sound scattering in the near field, the AF effect remains nearly unchanged compared
to Fig. 7.4d. This is due to the self-healing property of the Airy beam, allowing
the transmitted sound energy to circumvent the scatterer and focus with minimal
energy loss. However, the focusing performance is slightly affected by the size of
the scatterer in the y direction, as seen in Fig. 7.8b.

To further verify the self-healing characteristic, we design a conventional AF lens
using the eight types of phased unit cells from Fig. 7.2, with the same length and
number of unit cells as in Fig. 7.4d. Figure 7.9 shows the theoretical continuous phase
distribution and discrete phase delays of the conventional AF lens. Figure 7.10a—c
show the intensity distributions caused by the conventional AF lens without a scatterer
and with horizontal and vertical rectangular scatterers, respectively. While the AF
effect exists in all cases, the intensity at the center of the focus decreases significantly
with the scatterer present, unlike the proposed AF lens. This demonstrates that the
scatterer has a greater impact on the focusing performance of the conventional AF
lens.

Figures 7.11 and 7.12 show the longitudinal intensity distributions through the
focus caused by the two types of AF lenses with the rectangular scatterer, normal-
ized by the maximum value without a scatterer. With the horizontal scatterer, the
normalized intensity at the center of the focus for the conventional AF lens is about
0.73, while the designed AF lens remains nearly unchanged (Fig. 7.11a). With the
vertical scatterer, the normalized intensities for the designed and conventional AF
lenses are about 0.82 and 0.60, respectively (Fig. 7.12). These results further confirm
the superior self-healing characteristic of the designed AF lens.
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7.2.4 Parameter Analysis

We next analyze the influence of the bending angle 8 of the Airy beam on the focusing
performance. Figure 7.13a, b show the theoretical continuous phase distributions and
discrete phase delays of the AF lenses with different values of 6. Figure 7.14a, b show
the intensity distributions caused by the AF lenses with different values of 6. The AF
effect persists across different 8 values, but as € increases, the focus shifts to the right
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Fig. 7.12 Simulated longitudinal intensity distributions through the focus caused by the a designed
and b conventional AF lenses with and without the vertical rectangular scatterer at 5.0 kHz

due to changes in the curvature of the Airy beam. Figure 7.15 shows the transverse
intensity distributions through the focus for different 8 values, confirming that the
focus position shifts to the right as § increases.



236 7 Acoustic Focusing by Thermoacoustic Phase-Controlled Metamaterials

= Theory O Discrete phase delays

@ (rad)
J
|

| 1 1 | ) . | " | l 1 | PR | L | i |
-1.0 -0.8 -0.6 -04 -0.2 0 -1.0 -08 -0.6 -04 -02 0
v(m) a vi(m) b

Fig. 7.13 Theoretical continuous phase distributions and discrete phase delays of the AF lenses
with a 6 =0.9° and b 1.0° at 5.0 kHz

1Lom

0 0.4 0.8 1.2 L 2D 0 0.4 0.8 1.2 1.6 20
x (m) a x(m) b

Fig. 7.14 Simulated intensity distributions caused by the AF lens with a § = 0.9° and b 1.0° at
5.0 kHz

7.2.5 Feasibility Analysis

To verify the feasibility of the thermal insulation films in the AF lens, we select an
aerogel film with a thickness of 0.05 cm as the thermal insulation material for the
phased unit cells. The aerogel film has high temperature resistance and excellent heat
insulation properties, effectively suppressing heat transfer. Additionally, its acoustic
impedance is close to that of air, allowing sound energy to pass through with minimal
loss. The material parameters of the aerogel [3] are as follows: density p = 3.00 kg/
m?, sound velocity ¢ = 333 m/s, thermal conductivity & = 0.03 W/(m K), and
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thermal capacity C, = 0.05 J/(kg K). The structure parameters and the number of
phased unit cells remain the same as in Fig. 7.4d. Figure 7.16 shows the intensity
distributions caused by the AF lens with aerogel films. Compared to Fig. 7.4d, the
focusing performance remains nearly unchanged, confirming the feasibility of the
proposed AF lens with thermal insulation films. However, experimental challenges
remain, such as maintaining stable temperature distributions across the high and
varying temperatures of each phased unit cell.
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7.2.6 Design and Performance of Reflected Phased Unit Cell

As shown in Fig. 7.17, we design a reflected unit cell for thermoacoustic phase
control, consisting of three rigid thermal insulation boundaries (the blue solid lines)
with thickness d and a thermal insulation film (the red dashed line) in air at temper-
ature 7. The length and width of the reflected unit cell are  and A, respectively. The
acoustic wave is vertically incident from the right side and reaches the unit cell.
At the left side of the unit cell, the acoustic wave is reflected by the rigid thermal
insulation boundary and returns to the right side. The parameters of the reflected unit
cellare /l=6cm, h =1 cm, and d = 0.05 cm.

Figure 7.18 shows the reflected phase delays of the unit cells at different air
temperatures. As the temperature increases, the reflected phase delay covers the
entire 21 range. However, compared to the results in Fig. 7.2, the reflected phase
distribution changes significantly. This is because the propagation distance of sound
in the reflected unit cell is about twice that in the transmitted unit cell shown in
Fig. 7.1. The temperatures corresponding to the eight blue open circles are 400, 500,
630, 770, 900, 1030, 1230, and 1610 K, with reflected phase delays of 2z, 7n/4, 31/
2, 5n/4, m, 3n/4, n/2, and /4, respectively.
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Reflected thermoacoustic unit cell 5.2
) 28
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Fig. 7.17 Schematic of the reflected thermoacoustic unit cell
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7.2.7 Design and Performance of Reflected Self-Healing AF
Lens

Figure 7.19a shows the reflected intensity distribution caused by the reflected phased
array of the Airy beam, where the phase distribution is the same as in Fig. 7.3. The
reflected sound energy generated by the phased array forms an Airy beam, exhibiting
a clear self-bending characteristic similar to the result in Fig. 7.4b. Figure 7.19b
shows the intensity distribution caused by the reflected AF lens composed of two
symmetric TPAs from Fig. 7.19a. The AF effect is achieved using two symmetric
reflected Airy beams. Figure 7.20 shows the transverse and longitudinal intensity
distributions along lines I and II in Fig. 7.19b, with results in free space provided
for comparison. The focus is located at (133.8 cm, 0), and the intensity at the center
of the focus is about 15 times higher than that in free space, demonstrating high
performance of the reflected AF lens.

The reflected AF lens also exhibits broadband characteristics. Figure 7.21 shows
the reflected intensity distribution caused by the reflected AF lens at different inci-
dent frequencies, using the same parameters as in Fig. 7.19b. The bandwidth of the
reflected AF lens reaches up to 4.8 kHz. As the frequency increases, the size of the
focus gradually increases, and the focus position shifts to the right, similar to the
results in Fig. 7.6. Figure 7.22 shows the transverse intensity distributions through
the focus at different frequencies, confirming the broadband focusing characteristics
of the reflected AF lens. Thus, the reflected AF lens has a broad bandwidth, and the
focal length can be controlled by adjusting the incident frequency.
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7.3 Long-Focus Acoustic Focusing by Thermoacoustic
Phased Arrays

7.3.1 Design and Performance of Long-Focus AF Lens

The long-focus AF lens is designed based on the Bessel-like beam, leveraging its
long focus and non-diffraction characteristics. As shown in Fig. 7.23, an acoustic
wave with normal incidence propagates in the x direction and impinges on a TPA
of length H. The incident plane wave is placed on the left side, and the transmitted
sound energy forms a Bessel-like beam with a base angle f, converging into a long
focus (the black solid line).

Here, we use the phased unit cell from Fig. 7.1 to design the TPA. Each phased
unit cell consists of two rigid thermal insulation boundaries with thickness d at the
upper and lower sides and two thermal insulation films at the left and right sides.
The length and width of the phased unit cell are / and A, respectively, and the air
inside the unit cell is at temperature 7, while the ambient temperature T, remains
constant. Throughout this work, we simulate the long-focus AF characteristics using
the COMSOL Multiphysics software. The parameters of the unit cell are [ = 12 cm,
h=1cm,d =0.05cm, and T = 300 K. The acoustic velocity and density of air are
calculated using Egs. (7.1) and (7.2), respectively. Thermal convection is neglected
in the simulations, and the heat flux at the external boundaries is continuous.

Figure 7.24a shows the phase delays and transmittance spectrum of the phased
unit cells at different temperatures. The phase delays cover the entire 2n range for
temperatures below 1000 K, and the transmittance exceeds 0.9. We select eight types
of phased unit cells (the blue open circles) with temperatures of 480, 400, 340, 290,
260, 910, 720, and 580 K, corresponding to phase delays from n/4 to 2= in steps of
n/4, to design the long-focus AF lens. The lens parameters are H = 81 cm, f = 1/20,
f =5.0kHz, and ¢y = 343 m/s. To realize a Bessel-like beam, the phase distribution
@(y) of the TPA in the y direction satisfies [14]:

@(y) = —kolylsin B, (7.4)

Fig. 7.23 Schematic of the TPA
AF lens based on acoustic

Bessel-like beam =

Focus
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Fig. 7.24 a Simulated transmittance spectrum and phase delays of thermoacoustic phased unit
cells at different temperatures. b Theoretical continuous phase distribution and 81 discrete phase
delays of the long-focus AF lens at 5.0 kHz

where ko = 2nf/c( is the wave number, ¢ is the acoustic velocity of air at 300 K, f
is the frequency, £ is the base angle of the Bessel-like beam. Based on Eq. (7.4), we
calculate the phase distribution ¢(y), as shown in Fig. 7.24b. Using the eight types
of phased unit cells, we design the long-focus AF lens with 81 discrete phase delays
from Fig. 7.24b.

Figure 7.25a, b show the intensity distributions caused by the theoretical contin-
uous phase distribution and the TPA of the long-focus AF lens, respectively, with
results in free space provided for comparison (Fig. 7.25¢). The transmitted sound
energy exhibits the characteristic of the Bessel-like beam, converging into a long
focus with weak diffraction. This has potential applications in scenarios such as
sound systems in large stadiums and bird-repelling equipment at airports. The long-
focus AF characteristics from the TPA (Fig. 7.25b) agree with its theoretical results
(Fig. 7.25a).

To further analyze the performance of the long-focus AF lens, we provide the
intensity distributions through the focus along lines I and II in Fig. 7.25b, shown in
Fig. 7.26a, b, respectively. The corresponding results in free space along lines III and
IV in Fig. 7.25c are also displayed for comparison. The FLHM of the focus reaches
about 16.8), making the focus size much longer than that of conventional AF lenses.
The center of the focus is at (137.1 cm, 0), and its intensity is about 6.0 times higher
than that in free space, demonstrating the high performance of the long-focus AF
lens.

To demonstrate the working band of the long-focus AF lens, we simulate the
intensity distributions caused by the long-focus AF lens at 4.2, 5.2, and 6.2 kHz, as
shown in Fig. 7.27a—c, respectively. The lens parameters are the same as those in
Fig. 7.25b. The lens exhibits high-performance long-focus AF at three frequencies.

Figure 7.28 shows the maximum intensity spectrum at the focus, with a band-
width at half maximum (Af) of about 4.18 kHz. The fractional bandwidth reaches
0.77, demonstrating the broadband characteristic of the long-focus AF lens. As the
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frequency increases, the long focus shifts to the right. This is because the incident
angle and phase distribution of the lens remain unchanged, causing the refraction
angle 6, to decrease with increasing frequency, as per Eq. (2.41). Thus, the long focus
gradually moves to the right. These results confirm that the proposed long-focus AF
lens has broad bandwidth and tunable focus.
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Fig. 7.29 Simulated reflected intensity distributions caused by the long-focus AF lenses with a
=6°%b 12°,and ¢ 15° at 5.0 kHz

7.3.2 Parameter Analysis

We also analyze the influence of the base angle f§ of the Bessel-like beam on the
long-focus AF effect. Figure 7.29 shows the intensity distributions caused by the
long-focus AF lenses with f = 6°, 12°, and 15°. The long-focus AF effect persists
across different values of £, but the focus size decreases, and the focus shifts to the left
as ff increases. This is because the refraction angles of the sound beams increase with
p, causing the interference region to move leftward and shrink. Figure 7.30 shows
the transverse intensity distributions through the focus for different values of p,
confirming that the focus shifts left and decreases in size as f increases, consistent
with the results in Fig. 7.29.

7.3.3 Feasibility Analysis

To demonstrate the feasibility of the proposed long-focus AF lens, we design a
thermoacoustic unit cell, as shown in Fig. 7.31. Two identical tungsten sheets with
thickness d are placed at the upper and lower sides of the unit cell. The center region
(with length /; and temperature 7) of each tungsten sheet raises the temperature
of the air inside the unit cell. A vacuum layer with thickness d, provides thermal
insulation between the tungsten sheets at different temperatures, and an aerogel
film with thickness d5 acts as a thermal insulation film on both sides of the unit
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Fig. 7.30 Simulated
reflected transverse intensity
distributions through the
focus caused by the
long-focus AF lenses with
different values of f§ at

5.0 kHz
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cell. The aerogel film has high heat insulation, temperature resistance, and acoustic
impedance matching with air, allowing sound waves to pass through while effectively
hindering heat transfer. The length and width of the unit cells are the same as those
in Fig. 7.24a, with additional parameters /; = 4.0 cm, d; = 0.01 cm, d, = 0.08 cm,
and d3 = 0.10 cm. Other parameters include: sound velocity ¢ = 5334 m/s, density
p = 17,800 kg/m?, thermal capacity Cp = 132 J/(kg K), and thermal conductivity
K = 175 W/(m K) for tungsten; ¢ = 333 m/s, p = 3 kg/m’, C, = 0.05 J/(kg K), and
K = 0.03 W/(m K) for aerogel [3, 11].

Figure 7.32 shows the simulated temperature distributions inside the two unit cells
with T = 400 K and T, = 900 K at t = 8 s, where t represents the heating time.
The heat produced in the center region transfers to other regions [15], resulting in a
relatively uniform temperature distribution in the unit cell at = 8 s. To design the
long-focus AF lens, we simulate the phase delays and transmittances of the unit cells
at different temperatures at t = 8 s, as shown in Fig. 7.33. The phase delay covers the
entire 2n range for temperatures below 1000 K, and the transmittances exceed 0.9.
We select eight unit cells with temperatures of 520, 430, 360, 300, 250, 980, 790,
and 640 K, corresponding to phase delays from n/4 to 2 in steps of /4, to design the
long-focus AF lens. Figure 7.34 shows the simulated intensity distributions caused
by the long-focus AF lens with these eight unit cells. Similar to Fig. 7.25b, the
transmitted intensity distributions exhibit a long focus with high performance at t =
8 s. We also analyze the influence of heating time on the long-focus AF performance.
Figure 7.35 shows the intensity distributions caused by the long-focus AF lens at
t = 2 and 28 s. The long-focus AF effect persists across different heating times,
confirming the design feasibility of the lens.
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7.3.4 Design and Performance of Long-Focus AF Lens
Jor Cylindrical Sound Source

Next, we design a long-focus AF lens for a cylindrical sound source. As shown in
Fig. 7.36, the cylindrical sound source is placed at (0, 0), and the transmitted sound
energy forms a long focus, similar to Fig. 7.23. The distance between the cylindrical
sound source and the lens is L = 0.3 m, and the other lens parameters are the same
as in Fig. 7.25b. The phase distribution ¢(y) of the TPA satisfies [16]:

0() = —ko(IyIsin B+ Vy? +L2). 7.5)

Based on Eq. (7.5), we calculate the theoretical continuous phase distribution of
the long-focus AF lens for the cylindrical sound source, as shown in Fig. 7.37. The
long-focus AF lens is designed using 81 discrete phase delays based on the selected
eight unit cells.

Figure 7.38a shows the intensity distribution caused by the long-focus AF lens
under the excitation of the cylindrical sound source, with the corresponding result
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Fig. 7.36 Schematic of the
long-focus AF lens for the
cylindrical sound source

Fig. 7.37 Theoretical
continuous phase
distributions and 81 discrete
phase delays of the
long-focus AF lens for the
cylindrical sound source
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in free space provided for comparison (Fig. 7.38b). The cylindrical acoustic wave
passes through the AF lens and converges into a long focus, exhibiting long-focus
AF characteristics similar to those in Fig. 7.25b. We also simulate the intensity
distributions through the focus along lines V and VI and in free space along lines VII
and VIII in Fig. 7.38, as shown in Fig. 7.39. The FLHM of the long focus reaches
24 .3, with very weak diffraction. The center of the focus is at (147 cm, 0), and its
intensity is about 8.0 times larger than that in free space, demonstrating the high
performance of the long-focus AF lens for the cylindrical sound source.
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Fig. 7.38 Simulated reflected intensity distributions a caused by the long-focus AF lens and b in
free space under the excitation of the cylindrical sound source (the white points) at 5.0 kHz
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Fig. 7.39 Simulated reflected intensity distributions along a lines V and VII and b lines VI and
VIII in Fig. 7.38

7.4 Reflected Long-Focus Acoustic Focusing
by Thermoacoustic Phased Arrays

7.4.1 Design and Performance of Reflected Long-Focus AF
Lens

Similar to the design of the long-focus AF lens discussed earlier, we design a reflected
long-focus AF lens composed of a TPA of the Bessel-like beam, as shown in Fig. 7.40.
The incident acoustic wave (the black arrows) is placed on the right side, and the
reflected sound energy forms a Bessel-like beam, focusing on a long focus AB. The
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relationship between the length of the focus D and the base angle f is given by:

D = h/tan 3, (7.6)

where £ is half the length of the reflected AF lens. The parameters for the reflected
long-focus AF lens are y =81 cm, f = /20, f = 5.0 kHz, and ¢y = 343 m/s. As shown
in Fig. 7.41, the theoretical continuous phase distribution of the reflected Bessel-like
beam is calculated using Eq. (7.4), and 81 discrete phase delays are selected to design
the reflected long-focus AF lens.

To realize the reflected long-focus AF lens, we design a reflected unit cell with
thermoacoustic phase control. The unit cell consists of three rigid thermal insulation

Fig. 7.40 Schematic of the
reflected long-focus AF lens

Incident wave

Focus

Reflected TPA

Fig. 7.41 Theoretical ——Theory © Discrete phase delays
continuous phase distribution

and 81 discrete phase delays
of the reflected long-focus
AF lens at 5.0 kHz

@ (rad)

V(m)
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boundaries (the blue solid lines) and a thermal insulation film (the red dashed line)
in air at temperature 7, as shown in Fig. 7.17. The thickness of the rigid thermal
insulation boundary is d, and the length and width of the unit cell are / and #,
respectively. The acoustic wave is vertically incident from the right side and passes
through the unit cell. At the left side, the wave is reflected by the rigid thermal
insulation boundary and returns to the outside.

Throughout this work, the characteristics of the reflected long-focus AF are simu-
lated using the COMSOL Multiphysics software. The parameters of the reflected unit
cellare /=8 cm,h=1cm,d = 0.05 cm, and Ty = 300 K. We also account for the
influence of temperature on the thermal parameters of air, such as thermal conduc-
tivity k and thermal capacity Cp, which are expressed as: k = —0.00227583562 +
(1.15480022 x 107™%) x T — (7.90252856 x 1078) x T? + (4.11702505 x 10~'1) x
T3 — (4.11702505 x 107%) x T* W m~' K~! and C,, = 1047.63657 — 0.372589265
x T + (9.45304214 x 107%) x T? — (6.02409443 x 1077) x T? + (1.2858961 x
10719 x 7% J (kg K)~!. The acoustic velocity ¢ and density p of air in the reflected
unit cell are determined by temperature T and can be calculated using Egs. (7.1) and
(7.2), respectively. The heat flux at the external boundaries is continuous, and thermal
convection inside the model is neglected in the simulations. Figure 7.42 shows the
reflected phase delays ¢ of the unit cell at different temperatures. The reflected phase
delay covers the entire 2x range for temperatures between 560 and 2450 K (the black
shaded region).

Figure 7.43a, b show the reflected intensity distributions caused by the theoret-
ical continuous phase distribution and the TPA, respectively. The reflected acoustic
energy forms a long focus on the right side of the lens with minimal diffraction,
exhibiting the characteristic Bessel-like beam. Based on Eq. (7.6), the theoretical
length of the focus D is calculated as 2.53 m, which agrees well with the simulated

Fig. 7.42 Simulated 10F
reflected phase delays of the * \
reflected unit cells (/ = 8 cm)
at different temperatures at
5.0 kHz 0.8
0.6
=
a
S
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02}
OF I : L
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result in Fig. 7.43b and is larger than that of previous AF lenses [17-20]. The long-
focus AF characteristics from the TPA match the theoretical results in Fig. 7.43a.
Additionally, as shown in Fig. 7.43c, the AF effect does not occur in free space,
confirming that the long-focus AF effect is achieved using the Bessel-like beam.

To further illustrate the long-focus AF effect, the transverse and longitudinal
intensity distributions through the focus (lines I-IV in Fig. 7.43b, c) are simulated, as
shown in Fig. 7.44. With the reflected long-focus AF lens, the center of the focus is at
(124.1 cm, 0), and the maximum intensity at the center is about 6 times larger than that
in free space. As shown in Fig. 7.44a, the intensity along line I (from 0.5 to 2.5 m)
exceeds 2.0 Pa, demonstrating high long-focus performance. Furthermore, the sound
energy is primarily focused at y = 0, with very weak diffraction, highlighting the
non-diffraction characteristic of the long-focus AF effect.

To demonstrate the bandwidth of the reflected long-focus AF lens, we simulate
the reflected intensity distributions at different frequencies, as shown in Fig. 7.45.
At the three selected frequencies, the reflected sound energy is focused into a long
focus on the right side. The working bandwidth of the lens is about 1.4 kHz, with a
fractional bandwidth of 0.29.

As the frequency increases, the long focus shifts to the right, as shown in Fig. 7.46.
This occurs because the incident angle and phase distribution of the lens remain
constant, and the reflected angle 0, decreases with increasing frequency, as per

0.4

Ipl* (Pa?)

x(m)

Fig. 7.43 Simulated intensity distributions caused by a the theoretical continuous phase distribution
and b the TPA, and c in free space at 5.0 kHz. The red arrows in (b) represent the incident acoustic
wave
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Fig. 7.44 Simulated intensity distributions along a lines I and IIL, and b lines IT and IV in Fig. 7.43
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Fig. 7.45 Simulated reflected intensity distributions caused by the reflected long-focus AF lens at
a 4.2 kHz, b 4.9 kHz, and ¢ 5.6 kHz
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Eq. (2.41), causing the focus to shift rightward. Thus, the reflected long-focus AF
lens has broad bandwidth and tunable focus position.

7.4.2 Parameter Analysis

Next, we analyze the influence of the base angle f of the Bessel-like beam on the long-
focus AF effect. Figure 7.47 shows the theoretical continuous phase distributions and
discrete phase delays of the reflected long-focus AF lenses for f = 6°, 12°, and 15°,
and the simulated reflected intensity distributions caused by the reflected long-focus
AF lenses with f = 6°, 12°, and 15° are presented in Fig. 7.48a—c, respectively.
The long-focus AF effect persists across different values of f. As f increases, the
length and size of the focus decrease, and the focus shifts to the left, as explained by
Eq. (7.6). Thus, the sound energy becomes more concentrated, and the focus moves
leftward. Figure 7.49 shows the transverse intensity distributions through the focus
for different values of f. As S increases, the intensity at the focus increases, and the
focus shifts to the left. This occurs because the refraction angles of the transmitted
sound beams increase, causing the interference region to move leftward and shrink.
Thus, the sound energy becomes more concentrated, consistent with the results in
Fig. 7.48.
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Fig. 7.47 Theoretical continuous phase distributions and discrete phase delays of the reflected
long-focus AF lenses with a # = 6°, b 12° and ¢ 15° at 5.0 kHz
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Fig. 7.48 Simulated reflected intensity distributions caused by the reflected long-focus AF lenses
witha f =6°b 12° and ¢ 15° at 5.0 kHz

7.4.3 Robustness Demonstration

To demonstrate the robustness of the reflected long-focus AF lens, we design lenses
using four, six, and eight types of reflected unit cells with 81 discrete phase delays,
as shown in Fig. 7.50a—c. Figure 7.51a—c show the simulated reflected intensity
distributions for these cases. The long-focus AF effect persists, and the reflected
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Fig. 7.49 Simulated 8
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sound energy is focused into a long focus on the right side. As more types of unit
cells are used, the maximum intensity at the focus increases slightly, while the focus
characteristics remain largely unchanged.

Additionally, we simulate the reflected intensity distributions by increasing the
temperatures of each unit cell by 100, 300, and 500 K, as shown in Fig. 7.52 a—c. The
other parameters are the same as those in Fig. 7.43b. As the temperature increases,
the lens maintains high long-focus AF performance, and the focus position remains
unchanged, although the maximum intensity at the focus decreases slightly. These
results confirm the high robustness of the reflected long-focus AF lens.

—— Theory © Discrete phase delays

i (rad)

0
x(m)

Fig. 7.50 Theoretical continuous phase distributions and discrete phase delays of the reflected
long-focus AF lenses with a four, b six, and c eight types of reflected unit cells at 5.0 kHz
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Fig. 7.51 Simulated reflected intensity distributions caused by the reflected long-focus AF lenses
with a four, b six, and ¢ eight types of reflected unit cells at 5.0 kHz

7.4.4 Design and Performance of Reflected Long-Focus AF
Lens for Cylindrical Sound Source

Based on Eq. (2.41), we design a reflected long-focus AF lens for a cylindrical sound
source. As shown in Fig. 7.53, the cylindrical sound source is located at (25 cm, 0),
and the reflected sound energy from the lens forms a Bessel-like beam, focusing into
a long focus on the right side. The phase distribution ¢(y) of the TPA is calculated
using Eq. (7.5). Figure 7.54a—c show the theoretical continuous phase distributions
and 81 discrete phase delays of the reflected long-focus AF lenses for f = 6°, 12°,
and 15°, with L = 0.25 m.

Figure 7.55a—c show the simulated reflected intensity distributions caused by the
reflected long-focus AF lenses with f = 6°, 12°, and 15°, respectively. The reflected
sound energy from the cylindrical sound source is focused into a long focus on the
right side. As f increases, the focus size decreases, and the focus shifts to the left,
consistent with the results in Fig. 7.48.
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Fig. 7.52 Simulated reflected intensity distributions caused by the reflected long-focus AF lens in
Fig. 7.43b by increasing the temperatures of each unit cell by a 100 K, b 300 K, and ¢ 500 K at
5.0 kHz
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for the cylindrical sound
source
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Fig. 7.54 Theoretical continuous phase distributions and discrete phase delays of the reflected
long-focus AF lenses with a f# = 6°, b 12° and ¢ 15° for the cylindrical sound source
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Fig. 7.55 Simulated reflected intensity distributions caused by the reflected long-focus AF lenses
with a f = 6° b 12°, and ¢ 15° under the excitation of the cylindrical sound source (the white
points) at 5.0 kHz
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7.5 Conclusion

This chapter investigates AF techniques based on thermoacoustic phase-controlled
metamaterials, highlighting three types of AF lenses. First, a self-healing AF lens
composed of symmetric TPAs is proposed, demonstrating broadband focusing perfor-
mance. Second, a long-focus AF lens based on Bessel-like beams is designed, show-
casing its long-focus and broadband characteristics. Finally, areflected long-focus AF
lens is introduced, highlighting its potential for long-distance focusing. This research
opens new possibilities for the application of thermoacoustic phase-controlled meta-
materials in medical ultrasound, directional bird repelling, and acoustic energy
harvesting.
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Chapter 8 )
Acoustic Asymmetric Focusing e
by Asymmetric Modulation

Metamaterials

8.1 Introduction

Asymmetric modulation metamaterials enable multifunctional asymmetric transmis-
sion of sound, such as acoustic devices capable of both asymmetric transmission and
focusing. These devices not only overcome the limitations of ultrasound imaging
and therapy techniques but also enhance the performance of acoustic communica-
tion, sonar, and material processing. For example, HIFU, a non-invasive tumor treat-
ment technology, has garnered significant attention. However, to extend the lifespan
of HIFU focusing transducers, it is essential to prevent high-intensity reflected
sound energy from human tissues from re-entering the instruments. Thus, designing
acoustic devices with AAF effects remains a significant challenge.

In this chapter, we numerically and experimentally investigate five types of AAF
lenses using asymmetric modulation metamaterials. First, we design an AAF lens
composed of dual-layer metasurfaces with different phase distributions [1]. The AAF
effect exists in the frequency range of 2.91-3.61 kHz, resulting from asymmetric
phase modulation by the dual-layer metasurfaces. Additionally, we can modulate
the horizontal and vertical focus positions without altering the metasurface structure
and discuss the design and performance of an underwater AAF lens with dual-
layer metasurfaces, extending its working band to the ultrasonic frequency range.
Second, we propose an AAF lens composed of ten mode-conversion meta-atoms
[2]. The AAF effect arises from phase control and the step waveguide of the meta-
atoms, respectively. The fractional bandwidth of the AAF effect is 0.19, and the
focus length is 0.38A, demonstrating broadband and subwavelength focusing char-
acteristics. We also discuss the modulation of focus position and the design and
performance of an underwater AAF lens in detail. Third, we design an underwater
AAF lens consisting of a steel plate with six unit cells [3]. Each unit cell contains
two types of slits in the steel plate. The AAF effect exists in the frequency range of
560-592 kHz, resulting from interference enhancement and cancellation caused by
the symmetric structure of the lens and the path differences of the two types of slits,
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respectively. Fourth, we design an AAF prism composed of 31 phased unit cells [4].
The AAF effect arises from asymmetric phase modulation due to the non-parallel
exit interfaces on both sides of the prism. The FLHM of the focus is 0.36A, indicating
subwavelength focusing. Finally, we design a long-focus AAF lens constructed from
dual-layer phased arrays [5]. The long-focus AAF effect results from asymmetric
phase modulation by the dual-layer phased arrays, with an FLHM of 18.1\ and a
fractional bandwidth of 0.14, demonstrating long-focus AAF characteristics. These
AAF lenses have practical applications in focused ultrasound therapy and medical
ultrasound imaging.

8.2 Acoustic Asymmetric Focusing by Dual-Layer
Metasurfaces

8.2.1 Design and Performance of AAF Lens

As shown in Fig. 8.1, we design an AAF lens composed of dual-layer AMs in air
[1]. The phase distributions of AM1 and AM2 are symmetric about y = 0. The
abbreviations LI and RI represent incident waves from the left and right sides of the
AAF lens, respectively. For LI (Fig. 8.1a), the transmitted wave through AM1 splits
symmetrically into two beams, with the transmitted angles increasing gradually from
the edge to the center of AM1. Additionally, all sound energy passing through AM2
converges into a focus on the right side of the lens. For RI (Fig. 8.1b), the transmitted
wave through AM2 is rotated 90°, and the sound energy is localized on the surface
of AM2, attenuating quickly away from the interface, preventing sound energy from
passing through AM1.

To realize AM1 and AM2, we design a phased unit cell (with length [ = 0.5051
and height & = 0.12) composed of two layers of four Helmholtz resonators and a
straight channel with a tunable height /|, where A is the sound wavelength (Fig. 8.2).
The cavity height &, is determined by the pipe height /1, and the other parameters are
d =21200, hy = (h — 4d — h1)/2,1, = 0.124, 13 = 0.0234, and [} = (I — 4l3 — d)/4.
The Helmbholtz resonators are made of epoxy resin to meet the sound-hard boundary
condition. Throughout this work, the performance of the AAF lens is simulated using
the COMSOL Multiphysics software, with material parameters as follows: density
p = 1180 kg/m? and sound velocity ¢ = 2720 m/s for epoxy resin; p = 1.21 kg/m?
and ¢ = 343 m/s for air. The wavelength A of the incident acoustic wave is 10 cm
(i.e.,f = 3.43 kHz in air).

Figure 8.3 shows the transmission coefficients and phase delays of the phased unit
cells for different values of /;/h. For 0.1 < hy/h < 0.8, most transmission coefficients
exceed 0.9, and the phase delay covers the entire 2r range. This allows arbitrary
manipulation of acoustic propagation paths by designing desired phase distributions
for metasurface structures. As shown in Fig. 8.1, the phase distributions ¢; and ¢, of
AMI1 and AM2 are symmetric about y = 0. We calculate the phase distributions of
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Fig. 8.2 Schematic of the phased unit cell composed of a dual-layer Helmholtz resonator array

both metasurfaces for y > 0. For RI, the incident angle #; is zero, and the refraction
angle 6, through AM2 is —n/2. Based on Eq. (2.41), the phase gradient of AM2 is:

1d
s 8.1)
k dy

For LI, the incident acoustic wave passes through both AM1 and AM2, focusing
on the right side of AM2. Figure 8.4 shows the acoustic propagation path for LI, where
y and yy are the coordinates of the incident points on AM1 and AM2, respectively.
Based on the geometric relationships of these parameters, we obtain:

tand —yo/d, =0, (8.2)



268 8 Acoustic Asymmetric Focusing by Asymmetric Modulation Metamaterials
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where the distance between AM1 and AM2 is d; = 0.2 m, and the distance between
AM2 and the focus is d, = 0.3 m. The refraction angles a and 6 correspond to the
acoustic waves passing through AM1 and AM2, respectively. Based on Eq. (2.41),
the phase gradient of AM1 and the relationship between angles « and 6 are:

1 d(pl

X E = —sin o, (84)
1d
S8 sin 6 + sin . (8.5)
k dy

Using Eq. (8.1), we calculate the phase distribution ¢, of AM2. The phase gradient
dg,/dy is obtained by solving Eqgs. (8.2)—(8.5) simultaneously, and the phase distri-
bution ¢ of AM1 is calculated by integrating dg/dy. Figure 8.5a, b show the theo-
retically calculated phase distributions (¢; and ¢;) of AM1 and AM2, respectively,
with 81 discrete phase delays selected to design AM1 and AM?2 in the AAF lens.
Thus, we design AM1 and AM2 by selecting 81 phased unit cells, with the length of
the AAF lens in the y direction being 81 cm.

Figure 8.6a, b show the simulated intensity distributions caused by the AAF lens
for LI and RI, respectively, demonstrating a clear AAF effect. For LI (Fig. 8.6a),
the transmitted sound energy through AMI splits symmetrically into two beams,
eventually focusing on a point on the right side of AM2. The sound energy is primarily
concentrated in the focus, with weaker side lobes. For RI (Fig. 8.6b), the transmitted
sound energy is localized on the surface of AM2, attenuating away from the interface,
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preventing the acoustic wave from passing through AMI1. Thus, the designed lens
exhibits high AAF performance.

To experimentally validate the AAF performance, we measure the intensity distri-
butions in red open rectangles R1 and R2 (9 cm x 16 cm) in Fig. 8.6. The photographs
of AMI1 and AM?2 are shown in Fig. 8.7, and the experimental set-up is displayed
in Fig. 8.8. The experiment is conducted in a planar waveguide system (2 m x 2 m
x 1 cm) composed of two parallel plates. An anechoic environment is created by
placing wedge-shaped foams at the waveguide boundaries. The incident plane wave
is generated by a speaker array driven by a power amplifier. Pressure distributions
are scanned using a microphone (Briiel & Kjer type-4961) moved by 2D motorized
linear stages (Newport: MIN300CC and ILS250CC). Another microphone is fixed
toward the speaker array as a reference. Data is recorded by the Briiel & Kjar 3160-
A-022 module and analyzed using PULSE LabShop software. The measured and
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Fig. 8.6 Measured and simulated intensity distributions caused by the AAF lens for a LI and b RI
at 3.43 kHz, and the red arrows represent the incident plane wave. The insets show the measured
and simulated intensity distributions in red open rectangles R1 and R2
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Fig. 8.7 Photographs of the samples of a AM1 and b AM2

simulated field distributions are shown on the right side of Fig. 8.6. The measured
results agree well with the simulations for LI and RI, demonstrating the AAF effect.

Figure 8.9 shows the measured and simulated normalized intensity distributions
along lines -1V in Fig. 8.6. The intensity distributions along lines I and II are
significantly higher than those along lines III and IV, and the FLHM of the focus in the
y direction (Fig. 8.9a) is 4.0 cm (0.41). The measured results match the simulations,
indicating that the lens combines AAT and subwavelength AF.

To illustrate the influence of reflected sound energy on the focusing performance of
the AAF lens, we design a traditional AF lens composed of a single-layer metasurface
with the same length in the y direction for comparison. The phase distribution of the
traditional AF lens is shown in Fig. 8.10. Figure 8.11a, b show the simulated total
intensity distributions caused by the traditional AF lens and the designed AAF lens
with a sound-hard boundary on the right side for LI, respectively. The corresponding
reflected intensity distributions in the red dashed rectangles are displayed on the
right side. The reflected intensity distributions are obtained by subtracting the total
acoustic intensity fields with and without the lenses. The AAF lens exhibits almost
no reflected acoustic energy, while the traditional AF lens shows strong reflected
sound energy focused on the central region. Thus, the designed AAF lens has low
sound reflection, effectively preventing damage to acoustic transducers in HIFU
instruments.

Figure 8.12a shows the simulated transmission spectra of the AAF lens for LI and
RI. The transmission coefficient is calculated as P,/P;, where P; and P, represent the
integration of the intensity in the same transmitted region without and with the AAF
lens, respectively. Notably, in bands I (2.91-3.28 kHz, the red shaded region) and II
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(3.28-3.61 kHz, the blue shaded region), the lens exhibits a clear characteristic of
AAT. However, at certain frequencies in band I, the transmission coefficient for RI
is larger, and the AAT effect is weaker compared to that in band II.

Figure 8.12b shows the maximum intensity spectra along lines II and IV in
Fig. 8.6a, b. Along line II (LI), the maximum intensities in bands I and II range
from 3.0-5.0 Pa® and 5.0-7.0 Pa?, respectively, demonstrating the focusing effect of
the AAF lens across broad bandwidths. However, along line IV (RI), the maximum
intensities are below 1.0 Pa? and 2.0 Pa? in bands I and II, respectively, which are
significantly lower than those along line II (LI). It is worth noting that the maximum
intensities at frequencies with high transmission for RI in band I (Fig. 8.12a) are
also below 1.0 Pa?, indicating that the transmitted sound energy diverges on both
sides and does not converge in the central region. Therefore, the harmfulness of the
transmitted sound energy for RI at these frequencies is relatively low.

To further verify the bandwidth of the AAF effect, we simulate the intensity
distributions caused by the AAF lens at 2.94 and 3.57 kHz. As shown in Fig. 8.13a,
¢, the acoustic waves can transmit through both metasurfaces and are focused on
the right side of AM2. For RI, most of the sound energy cannot pass through AM1,
as shown in Fig. 8.13b, d. The results demonstrate that the AAF effect can also be
achieved at both edge frequencies, further confirming the broadband characteristic of
the AAF lens. This broadband characteristic arises from the fact that the dual-layer
metasurfaces are composed of the same type of phased unit cell, and the working
bandwidth of the lens is nearly identical to that of the unit cell.
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Fig. 8.13 Simulated intensity distributions caused by the AAF lens at a, b 2.94 kHz and c,
d 3.57 kHz for LI and RI

8.2.2 Performance Modulation

In addition to the broadband AAF effect, we can manipulate the horizontal and
vertical positions of the focus by mechanically adjusting the distance d| between the
metasurfaces and the incident angle, respectively. Figure 8.14 shows the simulated
intensity distributions caused by the AAF lens with different values of d, for LI, along
with the measured intensity distributions presented on the right for comparison. The
position of the measured regions (the red open rectangles) is fixed and corresponds
to that in Fig. 8.6a.

As shown in Fig. 8.14, the position of AM1 remains unchanged, while AM?2
gradually moves to the right. Interestingly, as d; increases, the AAF effect persists,
and the focus moves gradually to the right. The measured results agree well with the
simulated ones for LI. Additionally, most of the sound energy cannot pass through
AM1 for RI, as shown in Fig. 8.15. To further illustrate the manipulation of the focus
in the x direction, we simulate the intensity distributions along line II (shown in
Fig. 8.6a) for different values of d, as shown in Fig. 8.16. The focus moves linearly
to the right as d, increases. Therefore, without changing the structures of AM1 and
AM2, the horizontal position of the focus can be controlled by mechanically moving
AM2.

Additionally, by adjusting the incident angles of sound, the vertical position of
the focus can be controlled. Figure 8.17 shows the intensity distributions caused by
the AAF lens with incident angles of —4°, —8°, and —12° for LI and RI. As shown
in Fig. 8.17a—c, for LI, as the incident angle increases, the AF effect remains, and
the focus moves downward in the y direction. For RI, most of the sound energy
cannot pass through AM1, as shown in Fig. 8.17d—f. Therefore, the vertical position
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25 cm and b 30 cm for LI. The four insets on the right side show the measured and simulated
intensity distributions in red open rectangles R5 and R6

of the focus can be manipulated by adjusting the incident angle. Given that medical
ultrasound often requires precise control of the focus position to scan lesions, the
designed AAF lens with tunable focus positions has significant potential in HIFU
therapy.

8.2.3 Design and Performance of Underwater AAF Lens

Furthermore, the working bandwidth of the designed AAF lens can be extended to
the ultrasonic frequency range. As an example, we design a phased unit cell (with
length [ = 0.5\ and height 7 = 0.2)) made of brass immersed in water, as shown in
Fig. 8.18. The structural parameters of the phased unit cell are /; = 0.1/, [, = 0.225/,
I3 = 0.151, and d = 0.1 cm. The material parameters are density p = 1000 kg/m?
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and sound velocity ¢ = 1483 m/s for water; and density p = 8800 kg/m?, Young’s
modulus E = 108.42 GPa, and Poisson’s ratio v = 0.33 for brass. Figure 8.19 shows
the transmission coefficients and phase delays of the phased unit cells with different
values of hj/h. Most of the transmission coefficients are greater than 0.9, and the
phase delays cover the entire 2w range.

Based on the same design concept, we calculate the phase distributions (¢; and
@2) of AM3 and AM4, as shown in Fig. 8.20a, b, respectively. Using 81 discrete phase
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Fig. 8.18 Schematic of the phased unit cell composed of a dual-layer Helmholtz resonator array
immersed in water

delays, we design an AAF lens immersed in water, in which the distance between
AM3 and AM4 and that between AM4 and the focus are selected as 0.1 m and 0.3 m,
respectively.

Figure 8.21a, b show the intensity distributions caused by the AAF lens at 30 kHz
for LI and RI, respectively. The transmitted sound energy is focused on the right side
of AMA4 for LI, while it is prevented from transmitting through AM3 for RI. Therefore,
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the designed AAF lens can achieve the AAF effect in the ultrasonic frequency range,
indicating its potential application in focused ultrasound therapy.
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Fig. 8.21 Simulated
intensity distributions caused
by the AFF lens composed of
AM3 and AM4 for a LI and
b RI at 30 kHz
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8.3 Acoustic Asymmetric Focusing by Mode-Conversion
Meta-Atoms

8.3.1 Design and Performance of Mode-Conversion
Meta-Atoms

To design the AAF lens composed of meta-atoms with mode conversion between
zero-order and first-order waves, we introduce a phased unit cell (with length [ = 4/
2 and width w = A/10) composed of four Helmholtz resonators and a straight pipe
with a tunable width w; (Fig. 8.22) [2]. The parameters are selected as /|, = 0.225/,
I = 0.03], and d = 0.1w. The Helmholtz resonators are made of epoxy resin to
satisfy the sound-hard boundary, and the sound wavelength 1 is selected as 5 cm
(i.e.,f = 6.86 kHz in air). Throughout this work, we use the COMSOL Multiphysics
software to simulate the characteristics of the AAF lens. In the models, the material
parameters are as follows: density p = 1.21 kg/m?® and sound velocity ¢ = 343 m/s
for air; p = 1180 kg/m? and ¢ = 2720 m/s for epoxy resin.

Figure 8.23 shows the transmission coefficients and phase delays caused by the
phased unit cells with different values of w;. In the range of 0.75-2.0 mm, the
transmission coefficients are greater than 0.75, and their phase delays cover the entire
2n range. Here, we select phased unit cells I and II (the blue open circles) to design
the mode-conversion meta-atom, with w; values of 1.8 mm and 1.0 mm, respectively.
The phase difference between the two unit cells is 7, and the transmission coefficients
are greater than 0.98. To design an acoustic mode-conversion meta-atom, we select
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a waveguide with wy, = 4.2 cm, which is larger than half the wavelength, allowing
the transmission of the first-order wave.

Based on Eq. (2.53), we theoretically calculate the continuous phase distribution
of the mode-conversion meta-atom (Fig. 8.24) and select six discrete phase delays
to design the meta-atom. Due to the coupling effect between phased unit cells I
and II, which have opposite phase delays, we place a solid structure in the middle
of the meta-atom to separate the unit cells on both sides, as shown in the inset of
Fig. 8.24. Additionally, to achieve AAF, we introduce a step waveguide with a width
(wr) smaller than half the wavelength, placed on the right side of the meta-atom to
prohibit the propagation of the first-order wave. The sample of the mode-conversion
meta-atom is schematically shown in Fig. 8.25, with parameters wy, = wy, wr =
0.46A, I3 = 0.26A, 14 = 0.23A, and w3 = 0.17A.

Figure 8.26 shows the acoustic propagation paths through the mode-conversion
meta-atom, where LI and RI refer to the normal incidence of the zero-order wave
from the left and right sides of the meta-atom, respectively. For LI, the converted
first-order wave cannot transmit through the step waveguide due to its cutoff
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frequency. However, for RI, the zero-order wave can pass through the meta-atom
and be converted into the first-order wave. The pressure distributions caused by
the mode-conversion meta-atom for LI and RI are presented in Fig. 8.27a, b. The
zero-order wave can transmit through the meta-atom and propagate as the first-order
wave for RI, showing clear characteristics of mode conversion and asymmetric sound
transmission.

To quantitatively present the working bandwidth of the meta-atom, we simulate
the transmission spectra for LI and RI. As shown in Fig. 8.28a, the meta-atom struc-
ture exhibits clear AAT characteristics in bands I (6.36-7.27 kHz, the red shaded
region) and II (7.27-7.68 kHz, the blue shaded region). In band I, the transmissions
are greater than 0.7 for RI, while those for LI are below 0.4. At 6.86 kHz the trans-
mission coefficients reach 0.98 for RI but only 0.1 for LI, demonstrating high AAT
performance. However, in band II, the AAT performance is slightly weaker than in
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Fig. 8.26 Schematic of acoustic propagation paths through the mode-conversion meta-atom for LI
and RI
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Fig. 8.27 Simulated pressure distributions caused by the mode-conversion meta-atom for a LI and
b RI at 6.86 kHz
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Fig. 8.28 a Simulated transmission spectra of the mode-conversion meta-atom for RI (the red solid
line) and LI (the blue dashed line), and b phase spectra of phased unit cells I (¢, the blue dashed
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band I, which arises from variations in the phase difference. To demonstrate this,
we simulate the phase spectra of phased unit cells I and II, as shown in Fig. 8.28b.
The phase differences between the two unit cells are close to « in band I but slightly
larger than m in band II. Therefore, the meta-atom’s bandwidth is about 1.32 kHz,
with a fractional bandwidth of 0.19.

8.3.2 Design and Performance of AAF Lens

Based on the mode-conversion meta-atom, we design a planar AAF lens [2], which
has the advantages of easy integration and a single-layer structure compared to the
AAF lens in Fig. 8.1. Using Eq. (6.2), we calculate the phase distribution of the AAF
lens, with parameters e = 15 cm, f = 6.86 kHz ¢ = 343 m/s, and ¢y = n/3. The
theoretical continuous phase distribution of the AAF lens is shown in Fig. 8.29.

Based on the theoretical phase distribution and phased unit cells I and II from the
mode-conversion meta-atom, we use ten meta-atoms with 60 discrete phase delays
to design the AAF lens. The remaining parts are filled with epoxy resin to connect
the meta-atoms. The photograph of the AAF lens is displayed in Fig. 8.30a. As
schematically shown in Fig. 8.30b, c, for LI, the zero-order wave is converted into
the first-order wave, which is prohibited by the AAF lens due to the cutoff frequency
of the first-order wave caused by the step waveguide. For RI, the zero-order wave
can transmit through the lens and is focused on the left side due to the phase control
of the lens by phased unit cells I and II.

Figure 8.31a, b show the measured and simulated intensity distributions caused by
the AAF lens for LI and RI, respectively. The sound energy can transmit through the



8.3 Acoustic Asymmetric Focusing by Mode-Conversion Meta-Atoms 285

—Theory © Discrete phase delays

2F @

-30 -15 0 15 30
¥ (cm)
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lens and is focused on the left side for RI. However, for LI, the incident acoustic wave
cannot reach the right side of the lens, demonstrating the characteristic behavior of
the AAF lens. It is noted that there are also obvious side lobes on both sides of the
focus. This is because the AAF lens is composed of only two types of phased unit
cells, and part of the incident sound energy is reflected back by the solid structures.
To explain the mechanism of AAF, we simulate the intensity distributions caused by
the AAF lens composed of meta-atoms without the step waveguide, with the same
parameters as in Fig. 8.31. Figure 8.32a, b show the simulated intensity distributions
for LI and RI, respectively. The sound energy can transmit through the lens and is
focused for both LI and RI, with focusing characteristics similar to those in Fig. 8.31b.
Therefore, the AAT of the lens is attributed to the cutoff frequency of the first-order
wave caused by the step waveguide in each meta-atom.

To experimentally demonstrate the AAF effect, we measure the intensity distribu-
tions in red open squares R1 and R2 (16 cm x 16 cm) in Fig. 8.31. Figure 8.33 shows
the experimental set-up, where the sample is placed in a planar waveguide composed
of two parallel plates (dimensions 2 m x 2 m x 1 cm). Wedge-shaped foams are
placed at the boundaries of the planar waveguide to create an anechoic environment.
The incident plane wave is generated by a loudspeaker array driven by a power
amplifier. The pressure distributions are scanned by a microphone (Briiel & Kjar
type-4961) moved by a set of 2D motorized linear stages (Newport: MIN300CC and
ILS250CC). Another microphone is fixed toward the speaker array to measure the
reference acoustic signal. Using the Briiel & Kjer 3160-A-022 module, the pressure
amplitude and phase at each position in the scanning region are recorded, and the
pressure distribution is retrieved using the PULSE Labshop software.

As shown in the right region of Fig. 8.31, the measured field distributions agree
well with the simulated ones for LI and RI, further demonstrating the AAF perfor-
mance of the lens. Figure 8.34a, b show the measured and simulated results of the
normalized intensity distributions along lines I-IV in Fig. 8.31. The intensities along
lines III and IV are significantly larger than those along lines I and II. Moreover, the
FLHM of the focus in the y direction is only 1.9 cm (about 0.381), and the measured
and simulated results agree well, demonstrating the performance of the AAF lens.

To quantify the working bandwidth of the lens, we simulate the transmission
spectra through the AAF lens for LI and RI, as shown in Fig. 8.35a. The lens exhibits
clear AAT behavior in bands I (6.36—7.27 kHz, the red shaded region) and II (7.27—
7.68 kHz, the blue shaded region). However, the AAT performance in band II is
weaker than that in band I, which is consistent with the results shown in Fig. 8.28a.
Figure 8.35b shows the maximum intensity spectra along lines II and I'V. Notably,
most of the maximum intensities in bands I and II exceed 3 Pa” along line IV (RI),
while the corresponding values are below 0.5 Pa® along line II (LI). This further
confirms the AAF effect in bands I and II (6.36-7.68 kHz), indicating a fractional
bandwidth of 0.19, which demonstrates the broadband characteristics of the designed
AAF lens.

We also investigate the influence of viscous loss on the performance of the AAF
lens, as shown in Fig. 8.36. The AAF performance of the lens remains nearly
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Fig. 8.31 Measured and simulated intensity distributions caused by the AAF lens for a LI and b RI
at 6.86 kHz. The insets on the right side are the measured and simulated intensity distributions in
red open squares R1 and R2. The red arrows represent the incident acoustic wave

unchanged when viscous loss is introduced, compared to the case without viscous
loss in Fig. 8.31.

To further illustrate this, we simulate the intensity distributions along lines V
and VI with and without viscous loss, as shown in Fig. 8.37a, b, respectively.
The maximum intensity of the focus decreases by only 2.5% when viscous loss
is introduced, indicating that viscous loss has a minimal effect on the AAF lens.
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Fig. 8.32 Simulated intensity distributions caused by the AAF lens composed of mode-conversion
meta-atoms without the step waveguide for a LI and b RI at 6.86 kHz. The red arrows represent the
incident acoustic wave
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Fig. 8.33 Schematic of the experimental set-up for the AAF lens in Fig. 8.31a

8.3.3 Performance Modulation

The focal length of the AAF lens can be controlled by adjusting the phase distribu-
tion. Figure 8.38a, b show the phase distributions of AAF lenses with focal lengths
of 20 and 25 cm, respectively.
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Fig. 8.35 a Simulated transmission spectra of the AAF lens for LI and RI. b Maximum intensity
spectra along lines II and IV in Fig. 8.31

Figure 8.39 shows the simulated intensity distributions caused by AAF lenses
with focal lengths of 15, 20, and 25 cm for LI and RI. As shown in Fig. 8.39b, d, and
f, the incident wave passes through the AAF lens and is focused on the left side for RI.
The focal lengths are 14.6 (Fig. 8.39b), 18.5 (Fig. 8.39d), and 22.5 cm (Fig. 8.39f),
respectively, which are close to the theoretical values. However, for LI, the sound
energy does not reach the right side of the lens (Fig. 8.39a, c, and e). Therefore, the
focal length of the AAF lens can be controlled by adjusting the phase distribution.
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Fig. 8.37 Simulated intensity distributions along lines a V and b VI in Fig. 8.36b with and without
viscous loss

To demonstrate the focusing performance of the AAF lenses with different focal
lengths, we simulate the intensity distributions along lines VII, VIII, and IX in
Fig. 8.39, as shown in Fig. 8.40. The maximum intensities at these focuses are
about 5.5, 5.5, and 3.5 Pa? for the lenses with focal lengths of 15, 20, and 25 cm,
respectively, indicating high focusing performance across different focal lengths.
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Fig. 8.38 Theoretical continuous phase distributions and 60 discrete phase delays of the AAF
lenses with focal lengths of a 20 cm and b 25 cm at 6.86 kHz

8.3.4 Design and Performance of Underwater AAF Lens

Finally, we extend the working band of the proposed AAF lens to the ultra-
sonic frequency range by using a type of underwater mode-conversion meta-
atom. Figure 8.41 shows an underwater phased unit cell made of tungsten, with
the following parameters: [ = 2.5 cm, w = 0.5 cm, /; = 0.5626 cm, [, = 0.2 cm,
and d = 0.05 cm. The material parameters are: density p = 1000 kg/m?® and sound
velocity ¢ = 1483 m/s for water, and p = 19,350 kg/m?, Young’s modulus E =
411 GPa, and Poisson’s ratio v = 0.28 for tungsten. The sound impedance of tung-
sten is significantly higher than that of water, so a certain thickness of tungsten
can satisfy the sound-hard boundary in water. We use the acoustic-solid interaction
module of the COMSOL Multiphysics software to simulate the AAF characteristics,
with an incident frequency of 30 kHz.

Figure 8.42 shows the transmission coefficients and phase delays of the phased
unit cells with different values of w;. Most of the transmission coefficients exceed
0.9, and the phase delays cover the entire 2m range for w; values between 0.04
and 0.33 cm. Based on the same design concept, phased unit cells IIT and IV, with a
phase difference of w, are used to design the underwater mode-conversion meta-atom,
with w; values of 0.07 cm and 0.29 cm, respectively. The width of the waveguide
is set to 4.2 cm to allow the transmission of the first-order wave, and the theoretical
continuous phase distribution and discrete phase delays of the meta-atom are the same
as those in Fig. 8.24. Figure 8.43 shows the underwater mode-conversion meta-atom,
where the step waveguide made of tungsten on the right side prevents the propagation
of the first-order wave. The parameters w;, = 4.2 cm, wy = 1.2 cm, w; = 2.2 cm, w3
=0.79cm, I3 =08 cm, [; =2.0cm, and d, = 0.21 cm.
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Fig. 8.39 Simulated intensity distributions caused by the AAF lenses with focal lengths of a,
b 15cm, ¢,d 20 cm, and e, f 25 cm for LI and RI at 6.86 kHz. The red arrows represent the incident
acoustic wave

Figure 8.44 shows the pressure distributions caused by the underwater mode-
conversion meta-atom for LI and RI at 30 kHz. The zero-order wave passes through
the meta-atom and is converted into the first-order wave for RI, but the converted first-
order wave cannot pass through the meta-atom for LI. Thus, the underwater meta-
atom exhibits mode conversion and AAT characteristics in the ultrasonic frequency
range.

To demonstrate the bandwidth of the meta-atom immersed in water, we simulate
the transmission spectra for LI and RI, as shown in Fig. 8.45a. In the range of 27.5—
31.6 kHz, most of the transmission coefficients exceed 0.8 for RI, while those for LI
are below 0.4, showing a clear AAT characteristic. To explain the AAT mechanism,
we simulate the phase spectra of phased unit cells IIT and IV, as shown in Fig. 8.45b.
The phase differences of both unit cells are close to m in the black shaded region. Thus,
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Fig. 8.41 Schematic of the phased unit cell composed of a Helmholtz resonator array immersed in
water

the working bandwidth of the meta-atom is 4.1 kHz, with a fractional bandwidth of
0.13.

Based on Eq. (6.2) and the phase distribution of the meta-atom, we calculate the
theoretical continuous phase distribution and discrete phase delays of the AAF lens
immersed in water, as shown in Fig. 8.46. The parameters e and ¢ are the same as
those in Fig. 8.29. By using ten meta-atoms immersed in water, we design an AAF
lens for the ultrasonic frequency range.

Figure 8.47a, b show the simulated intensity distributions caused by the AAF lens
for LI and RI at 30 kHz, respectively. The sound energy is focused on the left side
of the lens for RI, but the sound energy is blocked by the step waveguide for LI,
indicating that the lens can achieve the AAF effect in the ultrasonic frequency range.
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Fig. 8.43 Schematic of the mode-conversion meta-atom immersed in water

To further quantify the AAF performance, we simulate the normalized intensity
distributions along lines X-XIII in Fig. 8.47a, b. As shown in Fig. 8.48, the intensities
along lines XII and XIII are significantly larger than those along lines X and XI.
Additionally, the FLHM of the focus in the y direction is 0.19 cm (0.381). Thus,
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Fig. 8.45 a Simulated transmission spectra of the underwater mode-conversion meta-atom for LI
and RI. b Simulated phase spectra of phased unit cells III (¢, the blue dashed line) and IV (¢3, the
red solid line) in Fig. 8.42

the designed AAF lens exhibits high performance in AAT and subwavelength AF,
making it highly suitable for focused ultrasound therapy.

Figure 8.49a shows the transmission spectra of the AAF lens immersed in water
for LI and RI. The lens exhibits typical AAT characteristics in the range of 27.5—
31.6 kHz (the black shaded region). The higher transmission coefficient for LI at
certain frequencies may result from coupling resonance between adjacent meta-
atoms. To further verify the bandwidth of the AAF lens, we simulate the maximum
intensity spectra along lines XI and XIII, as shown in Fig. 8.49b. In the black shaded
region, most of the maximum intensities are below 1 Pa? along line XI, while the
corresponding values exceed 3 Pa® along line XIII. Thus, the fractional bandwidth
of the AAF lens is 0.13.
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8.4 Acoustic Asymmetric Focusing by a Metal Plate
with Binary Wave-Path Slits

8.4.1 Design and Performance of AAF Lens

As schematically shown in Fig. 8.50, the designed AAF lens is symmetric about y=
0 and consists of a steel plate with six unit cells immersed in water [3]. Each unit
cell, with a width of a and a thickness of b, contains two types of slits: an inclined
slit A with an angle of 6 and a horizontal slit B. Both slits have the same width c. The
performance of the AAF lens is simulated using the COMSOL Multiphysics software,
with the following material parameters: density p = 7800 kg/m?, longitudinal wave
velocity ¢; = 6100 m/s, and transversal wave velocity ¢, = 3300 m/s for steel; and
density p = 998 kg/m? and ¢; = 1483 m/s for water. The acoustic-structure boundary
condition is applied to the boundaries of the AAF lens in the simulations.

LI RI

Steel

Water

Fig. 8.50 Schematic of the AAF lens. The parameters are ¢ = 6.8 mm, b = 5.0 mm, ¢ = 1.0 mm
and § = 50.5°
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Figure 8.51a—f show the intensity distributions caused by the AAF lens at different
frequencies, where LI and RI represent incident plane waves emanating from the left
and right sides of the lens, respectively. The width and initial amplitude of the incident
plane wave are 20 mm and 1.0 Pa, respectively. The acoustic intensity distributions
exhibit a clear AAF phenomenon. In the case of LI (Fig. 8.51a, ¢, and e), strong sound
energy is observed in the right region, converging into a line at y = 0. Interestingly,
the sound energy gradually converges into a point as the incident frequency increases.
However, for RI (Fig. 8.51b, d, and f), the acoustic waves are almost entirely reflected,
with negligible sound transmission in the left region. Additionally, the AAF effect is
obtained over a broader bandwidth (560-592 kHz). The sound intensity distributions
at the edge frequencies (560 and 592 kHz) are shown in Fig. 8.52, demonstrating
that the designed lens achieves broadband AAF with high performance.

To further demonstrate the AAT characteristic of the lens, the right boundary of the
model is set as a sound-hard boundary, and the simulated intensity distribution caused
by the lens is shown in Fig. 8.53a. For comparison, the corresponding result with a

30

¥ (mm)
=

max.

-10 10 20 30-10 10 20 30-10 O 10 20 30
x (mm) X (mm) x (mm)

|pl? (a.u.)

min.

y (mm)

-30 -20 -10 0 10-30 -20 -10 O 10-30 -20 -10 O
x (mm}) x (mm) x (mm)

10

Fig. 8.51 Simulated intensity distributions caused by the AAF lens for a LI and b RI at 564 kHz;
c LI and d RI at 576 kHz; e LI and f RI at 588 kHz. The blue arrows indicate the incident acoustic
wave
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Fig. 8.52 Simulated intensity distributions caused by the AAF lens for a LI and b RI at 560 kHz;
c¢ LI and d RI at 592 kHz. The blue arrows indicate the incident acoustic wave

plane wave radiation boundary is shown in Fig. 8.53b. The intensity distribution on
the left side of the lens (red open rectangles R1 and R2) is nearly identical in both
figures. The difference between the left regions in Fig. 8.53a, b is shown in Fig. 8.53c,
where the reflected sound energy is significantly weaker. This indicates that the AAF
lens effectively mitigates the influence of reflected sound energy, making it highly
suitable for designing focusing transducers.



8.4 Acoustic Asymmetric Focusing by a Metal Plate with Binary Wave-Path ... 301

i V"
) ol
(] "ﬂ Il|l' |

max.
' i..""..l" \ P
h o l“"i 1l - é
t\\\ l“m 8
| 3
o ]
1 2 ~
I"‘iu ' H 1§
dim g
g
.

min,

Fig. 8.53 Simulated intensity distributions caused by the AAF lens for LI at 564 kHz, with the
right boundary of the model set as a sound-hard boundary and b plane wave radiation boundary.
c Difference between the intensity distributions in red open rectangles R1 and R2. The blue arrows
indicate the incident acoustic wave

8.4.2 Experimental Measurement

To verify the AAF performance, we experimentally measure the intensity distribu-
tion along lines I-VI in Fig. 8.51. The photograph for the left and right sides of
the sample are shown in Fig. 8.54a, b, respectively. The sample has a width w =
40.8 mm and length / = 90.0 mm, with other parameters matching those in Fig. 8.50.
Figure 8.55 shows the experimental set-up, where the sample is placed between two
broadband ultrasonic transducers: one as a generator (V318-SU, Olympus, with a
central frequency of 0.5 MHz and a diameter of 0.75 inches) and the other as a detector
(V323-N-SU, Olympus, with a central frequency of 2.25 MHz and a diameter of 0.25
inches). The set-up is immersed in a water tank. The generating transducer is aligned
normally toward the sample at a distance of 20 mm, while the detecting transducer
scans along lines I-VI at the same distance as that in Fig. 8.51.

Figure 8.56a—c show the measured intensity distributions caused by the sample
along lines I-VI, with corresponding simulations plotted for comparison. As shown
in Fig. 8.56a—c, the measured intensities for RI are close to zero, while LI exhibits
high intensities, with the maximum intensity occurring at y = O for the three
selected frequencies. This demonstrates the high performance of the AAF effect.
The measured results agree well with the simulations, though minor discrepancies
exist, particularly for LI in Fig. 8.56b, c. These differences are attributed to the
0.25 inch diameter of the detecting transducer, which limits spatial resolution, and a
fabrication accuracy error of £0.1 mm in the sample.
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Fig. 8.54 Photographs of the a left and b right sides of the sample
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Fig. 8.55 Schematic of the experimental set-up for the AAF lens in Fig. 8.54
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8.4.3 Physical Mechanism

To further explore the mechanism of the AAF lens, we simulate the pressure distri-
butions caused by a unit cell of the lens, with an initial incident plane wave amplitude
of 1.0 Pa. Figure 8.57a shows the acoustic propagation path in the unit cell for RI,
where the incident acoustic wave is divided into two beams passing through slits A
and B. The two beams intersect at midpoint O of the red dashed line. The propagation
distances in slits A and B are /| and I,, respectively, and the incident plane wave is
located on the left side of the model.
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Fig. 8.57 a Schematic of the acoustic propagation path for RI. Simulated pressure distributions
caused by a unit cell with inclined angles of b 50.5°, ¢ 38.5°, and d 31.8° at 564 kHz for RI. The
sky-blue arrows in (b—d) indicate the incident acoustic wave

Figure 8.57b presents the pressure distribution caused by the unit cell at 564 kHz,
with parameters matching those in Fig. 8.50. Negligible sound energy is observed in
the left region, consistent with Fig. 8.57a. This is because the difference Al between
distances /; and /; is 1.25 mm, close to the incident half-wavelength of 1.31 mm. Thus,
interference cancellation occurs at point O, preventing sound energy from passing
through the unit cell. Additionally, the half-wavelengths at the edge frequencies
of 560 kHz and 592 kHz are 1.32 mm and 1.25 mm, respectively, both close to
Al Therefore, the prohibition of acoustic waves for RI arises from interference
cancellation. To further verify this, we increase Al by adjusting the inclined angle 6,
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while keeping other parameters constant. As shown in Fig. 8.57c, d, Al values of
2.64 mm and 3.96 mm correspond to A and 1.5A, respectively. In Fig. 8.57c, the
acoustic wave transmits through the unit cell due to interference enhancement, while
in Fig. 8.57d, negligible sound energy reaches the left region due to interference
cancellation.

Furthermore, we develop a unit cell with two inclined slits, A and B, as shown
in Fig. 8.58a. The incident acoustic line sources I; and I, are located at the input
ports of slits A and B, respectively, with phases ¢; and ¢, and equal amplitudes. The
parameters b, 6, and ¢ match those in Fig. 8.50, so the propagation distances in slits
A and B are the same. As shown in Fig. 8.58b, when the initial phases of I; and I,
are the same (the in-phase case, p; — ¢» = 0), sound energy transmits through the
unit cell due to interference enhancement. However, for the out-of-phase case (¢,
— @2 = m), the acoustic wave cannot pass through the unit cell due to interference
cancellation (Fig. 8.58c). These results further demonstrate the mechanism of the
AAT lens.

Figure 8.59a, b show the pressure distributions caused by a single unit cell and
the AAF lens at 564 kHz, respectively. The incident plane wave is located at the left
surface of the model, and the unit cell parameters match those in Fig. 8.50. As shown
in Fig. 8.59a, the acoustic wave passes through slits A and B, and the transmitted
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Fig. 8.58 a Schematic of the unit cell with two inclined slits. The red lines placed at the input
ports of slits A and B represent two acoustic line sources with initial phases ¢; and ¢;. Simulated
pressure distributions through the two inclined slits under the excitation of b in-phase (p; — ¢2 =
0) and ¢ out-of-phase (p; — @2 = ) line sources
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Fig. 8.59 Simulated pressure distributions caused by the a unit cell and b AAF lens at 564 kHz.
Simulated pressure distributions under the excitation of ¢ two (I; and I) and d four (two I; and
two I») line sources at 564 kHz. The incident line sources I and I, have a phase difference of ©
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wave in the right region consists of four beams: I, II, III, and IV, resulting from the
interference of acoustic waves transmitted through the slits. Beams I and II incline
downward, while beams III and IV incline upward, with the amplitude of beam II
being larger than those of beams I, III, and IV. In Fig. 8.59b, the transmitted pressure
distribution is primarily determined by the two unit cells at the center of the AAF
lens, which are symmetric about y = 0. Consequently, the transmitted sound energy
converges into a line along y = 0 (the black open rectangle), due to the interference
enhancement of beams I and II generated from the symmetric unit cells.

To further discuss the AAF mechanism, we use two types of acoustic line sources,
I; and I,, to represent the acoustic waves generated from slits A and B. I; and I, have
aphase difference of m (p; — ¢, =), and their widths match those of the output ports
of the two slits. Figure 8.59¢, d show the pressure distributions under the excitation
of two (I} and I,) and four (two I; and two I,) line sources, respectively. The pressure
distributions in Fig. 8.59c, d are nearly identical to those in Fig. 8.59a, b. Therefore,
the focusing characteristic of the lens stems from the interference of acoustic waves
with a phase difference of & generated from slits A and B. Based on these results, we
conclude that the AAF effect arises from interference enhancement and cancellation
caused by the symmetric structure and acoustic path differences from the two types
of slits.

8.5 Acoustic Asymmetric Focusing by Phase-Controlled
Prism

As schematically shown in Fig. 8.60, we design an AAF prism [4], where the normal
incidence of the acoustic wave from the left and right sides of the prism is denoted
as LI and RI, respectively. Similarly, the AAF prism consists of 31 phased unit cells
with varying numbers of meta-atoms, and the other parameters match those of the
AAT prism in Fig. 4.60. Figure 8.60a, b illustrate the acoustic propagation paths
through the AAF prism for LI and RI, respectively. The AAF prism is placed in
region II. For LI, the transmitted sound energy is localized on the two surfaces on
the right side of the prism with 8;; = —90°. However, for RI, the incident acoustic
wave transmits through the prism, and the sound energy is focused into a point on
the left side. Due to the prism’s structural symmetry, we only discuss the lower half
of the prism. Figure 8.60c shows a photograph of the designed AAF prism.

The AF effect is present for RI. Based on Eq. (2.41), the refraction angle 6y, is
expressed as:

—x
1+ e

where the focal length e = 0.2 m. Using Egs. (4.1), (4.4), and (4.5), we theoretically
calculate the phase distributions in the y; and y, directions of the prism, as shown

sinfyp = (8.6)
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Fig. 8.60 Schematic of acoustic propagation paths caused by the AAF prism for a LI and b RI,
and ¢ photograph of the AAF prism

in Fig. 8.61a, b, respectively. Additionally, the sixteen red open circles represent
the discrete phase delays of the selected phased unit cells in the y, direction. The
parameter /; of each meta-atom in different phased unit cells and the discrete phase
delays of the phased unit cells are presented in Table 8.1.

Figure 8.62a, b show the simulated intensity distributions caused by the AAF
prism at 6.66 kHz, demonstrating a clear AAF effect. For RI, the acoustic wave
transmits through the prism, and the sound energy is focused into a point on the left
side. However, for LI, the transmitted sound energy is very weak. This is because
the calculated dg;/kdy; in the y; direction ranges from —0.95 to —1.22, as shown in
Fig. 8.63. Based on Eq. (2.41), the maximum refraction angle is calculated as 6, =
—72° for dg,/kdx; = —0.95. Moreover, in the range —1.22 < dg,/kdx; < —1, the
transmitted acoustic wave is converted into an evanescent surface wave, which cannot
reach region I for LI. Therefore, the refraction angle 6;; for most of the sound energy
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Fig. 8.61 Theoretical continuous phase distributions and sixteen discrete phase delays in the a y;
and b y; directions for the lower half of the AAF prism at 6.66 kHz
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is around —90°, and the remaining part is converted into an evanescent wave, which
cannot reach region I for LI. Additionally, the measured intensity distributions in red
open squares R1 and R2 are displayed on the right side for comparison, showing
good agreement with the simulated results.

2 (Pa?) Measured |p|* (a.u.)
0 _ 13 min. I T D max.

-30 0 30 60
y (cm)

Fig. 8.62 Measured and simulated intensity distributions caused by the AAF prism for a LI and
b RIat6.66 kHz. The insets on the right side show the measured and simulated intensity distributions
in red open squares R1 and R2. The green arrows indicate the incident acoustic wave
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Fig. 8.63 Phase gradient dp;/kdy; of the AAF prism in the y; direction for LI

Finally, we also present the measured and simulated intensity distributions along
lines I-IV (Fig. 8.62a, b), as shown in Fig. 8.64. The measured and simulated inten-
sities along lines III and IV are significantly larger than those along lines I and
II. Additionally, the FLHM of the focus in the y direction (Fig. 8.64a) is 1.9 cm
(0.36)). The measured results agree well with the simulations, demonstrating that
the designed AAF prism exhibits high performance in subwavelength focusing and
AAT.

8.6 Long-Focus Acoustic Asymmetric Focusing
by Dual-Layer Thermoacoustic Phased Arrays

Based on the eight selected thermoacoustic phased unit cells in Fig. 7.24, we design a
long-focus AAF lens with dual-layer arrays (denoted as TPA1 and TPA2) [5], where
the focus length is larger than those of previous AAF lenses, as shown in Fig. 8.65.
LI and RI represent the normal incidence of the acoustic wave from the left and right
sides of the long-focus AAF lens, respectively. The phase distributions of TPA1
and TPA2 (¢, and ¢,) are symmetric about y = 0. Therefore, we only discuss the
propagation paths and phase distributions of TPA1 and TPA2 in the range y > 0.

As shown in Fig. 8.65a, for LI, the acoustic wave passes through TPA1 and is
divided into a pair of two beams (symmetric about y = 0) with a refraction angle £,
= —n/3. Additionally, the transmitted sound energy through TPA2 with a refraction
angle f, = —n/6 forms a Bessel-like beam, exhibiting a long-focus characteristic on
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Fig. 8.64 Measured and simulated intensity distributions along a lines I and III and b lines II and
IV in Fig. 8.62. The intensities are normalized by the maximum value of each figure
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Fig. 8.65 Schematic of acoustic propagation paths through the long-focus AAF lens for a LI and
b RI

the right side of the lens. However, for RI (Fig. 8.65b), the acoustic wave transmits
through TPA2 with a refraction angle 3 = —n/2. Consequently, the sound energy is
localized on the surface of TPA2, and no sound energy passes through TPA1 for RI.
Based on Eq. (2.41), in the range y > 0, the phase gradient of TPA2 is written as:

1 dg,

=—1. 8.7
ko dy (8.7
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The phase gradient of TPA1 is obtained from:

i%—_ﬁ (8.8)
ko dy N 2 '

Figure 8.66a, b show the theoretical continuous phase distributions ¢; and ¢, of
TPA1 and TPA2, respectively, where the distance d between the two arrays is 24 cm.
Similar to Fig. 7.24b, we selected 81 discrete phase delays to design the phase
distributions of TPA1 and TPA?2 using the eight types of thermoacoustic phased unit
cells in Fig. 7.24a.

Figure 8.67a, b show the intensity distributions caused by the long-focus AAF
lens for LI and RI, respectively. As shown in Fig. 8.67a, the acoustic wave transmits
through TPA1, and the transmitted sound energy is finally focused into a long focus
on the right side of TPA2 with weak sound diffraction. However, for RI (Fig. 8.67b),
the transmitted sound energy is localized on the surface of TPA2, and thus the acoustic
wave cannot pass through TPA1, demonstrating high AAF performance. Figure 8.68
a, b show the intensity distributions along lines I-IV. The intensity distributions
exhibit a significant difference between LI and RI, where the maximum intensity at
the focus for LI (lines I and II) reaches approximately 3.3 Pa?, but the intensities
for RI (lines IIT and IV) are below 0.25 Pa®. Additionally, as shown in Fig. 8.68a,
the FLHM of the long focus is approximately 18.12, further demonstrating the high
performance of the long-focus AAF effect.

Figure 8.69 shows the transmittance spectra caused by the AAF lens for LI and
RI. Both transmittance spectra exhibit a clear difference in the range of 4.8-5.5 kHz
(the black shaded region), where the transmittance for LI is about twice that for
RI. Additionally, we simulate the intensity distributions caused by the AAF lens
for LI and RI at 4.9 and 5.3 kHz, as shown in Fig. 8.70. The simulated results also
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Fig. 8.66 Theoretical continuous phase distributions and 81 discrete phase delays of a TPA1 and
b TPA?2 in the long-focus AF lens
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Fig. 8.67 Simulated reflected intensity distributions caused by the long-focus AAF lens for a LI
and b RI at 5.0 kHz
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Fig. 8.68 Simulated reflected intensity distributions along a lines I and III and b lines Il and IV in
Fig. 8.67

demonstrate high performance of the long-focus AAF effect at both edge frequencies.
Therefore, the working bandwidth of the AAF lens is 0.7 kHz, with a fractional
bandwidth of 0.14, which is narrower than that of the long-focus AF lens due to
the increase in transmittance for RI in the high-frequency region (the blue dashed
line). This is because the incident angle and phase distribution of TPA2 remain
unchanged. As the frequency increases, the refraction angle gradually decreases
based on Eq. (2.41). Consequently, the sound energy cannot be localized on the
surface of TPA2 and transmits through TPA1, reaching the left side of the AAF lens.
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Fig. 8.69 Transmittance spectra of the long-focus AAF lens for LI and RI
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Fig. 8.70 Simulated reflected intensity distributions caused by the long-focus AAF lens for LI and
Rlata,b4.9kHzand ¢, d 5.3 kHz
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8.7 Conclusion

This chapter explores the design and performance of AAF achieved through asym-
metric modulation metamaterials. Five types of AAF lenses were designed, including
dual-layer metasurface lenses, mode-conversion meta-atom lenses, underwater AAF
lenses, acoustic prisms, and long-focus AAF lenses. These lenses demonstrated
broadband and subwavelength focusing characteristics through asymmetric phase
modulation and acoustic path differences, with notable performance in the ultra-
sonic frequency range. Both experimental and numerical simulations confirmed their
potential applications in focused ultrasound therapy and medical ultrasound imaging.
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Chapter 9 )
Three-Dimensional Acoustic Focusing s
and Asymmetric Focusing

by Phase-Controlled Metamaterials

9.1 Introduction

In recent years, the study of AF and AAF based on phase-controlled metamaterials
has garnered increasing attention due to its practical applications in various impor-
tant fields, such as medical ultrasound, nondestructive testing, acoustic communica-
tion, and energy harvesting. With the continuous development of phase-controlled
metamaterials, it has become feasible to realize several types of high-performance
AF and AAF lenses. Typically, these previously demonstrated AF and AAF lenses
are 1D systems that achieve AF and AAF effects in 2D space, which poses chal-
lenges for practical applications. However, realizing AF and AAF in 3D space using
2D acoustic systems and establishing a theoretical framework for this remains a
significant challenge.

In this chapter, we design four types of 2D acoustic lenses using phase-controlled
metamaterials and demonstrate AF, AVF, AAF, and AAVF effects in 3D space. First,
based on the derived 2D generalized Snell’s law, we design four types of 2D reflected
AF lenses composed of sixteen types of phased unit cells with a subwavelength
thickness of A/10 [1]. These lenses achieve point focusing, line focusing in two
perpendicular directions, and long-focus focusing in 3D space. Second, we design
a reflected long-focus AVF lens composed of sixteen types of phased unit cells [2].
Using the 2D generalized Snell’s law, we realize broadband long-focus AVF with the
characteristics of acoustic vortex and long-focus focusing in 3D space. The FLHM of
the focus and the fractional bandwidth are 9.2 and 0.28, respectively. Additionally,
we discuss the design and performance of the long-focus AVF lens with different
topological charges in detail. Third, we propose a2D AAF lens composed of 44 mode-
conversion meta-atoms [3]. The 3D AAF effect arises from the phase distribution of
sound focusing and the step waveguide of the meta-atoms. The fractional bandwidth
of the AAF lens is 0.14. Furthermore, we study the design and performance of
AAF lenses with focal lengths of 10 and 15 cm. Finally, we propose a broadband 2D
AAVF lens using three types of mode-conversion meta-atoms [4]. Based on the phase
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distributions of focusing and vortex caused by 48 meta-atoms, the 2D AAVF lens
with n =2 is observed, which is attributed to the phase control and the step waveguide
of the meta-atoms. The fractional bandwidth of the AAVF effect is 0.19. Moreover,
by tuning the phase distributions of the lens, we study the design and performance
of 2D AAVF lenses with n = 1 and 3. The designed 2D lenses can achieve complex
sound wavefront manipulations in 3D space, which have potential applications in
non-contact particle trapping, medical ultrasound imaging and treatment.

9.2 Three-Dimensional Acoustic Focusing by Reflected
Metasurfaces

9.2.1 Design and Performance of Phased Unit Cell

To realize the reflected 2D metasurface with AF based on Eq. (2.50), we design
a phased unit cell (Fig. 9.1a) composed of a central straight pipe and two ring-
like Helmholtz resonators filled with air and made of epoxy resin [1]. The bottom
solid structure serves as a sound-hard boundary. It is noted that the acoustic wave
can be significantly delayed after passing through the Helmholtz resonators [5, 6],
allowing the reflected phase delays of sound to be flexibly manipulated by tuning
the geometrical parameters of the phased unit cell. The cross-sectional sizes of the
x—z and y—z planes of the phased unit cells are identical, as shown in Fig. 9.1b. The
parameters are selected as w = 0.1A, h = 0.1, d = 0.05A, and i; = 0.15A, and the
cavity width w; is determined by the pipe width w;. The incident wavelength A is
selected as 10 cm (i.e., fo = 3.43 kHz in air). The COMSOL Multiphysics software
is used to simulate the characteristics of a series of 3D AF effects, with the following
material parameters: density p = 1180 kg/m? and sound velocity ¢ = 2720 m/s for
epoxy resin; p = 1.21 kg/m® and ¢ = 343 m/s for air.

Figure 9.2 shows the reflected phase delays of sound caused by the phased unit
cells with different values of w;/w. In the range of 0.1 < w;/w < 0.8, the reflected
phase delays cover the entire 2n range. Here, we select sixteen values of wi/w (the
red open circles) to design sixteen phased unit cells with equally spaced phase delays
from O to 2m.

Figure 9.3 shows the reflected pressure distributions caused by the selected sixteen
phased unit cells, where the incident acoustic waves are located on the upper side.
It is evident that the reflected discrete phase delays caused by the selected sixteen
phased unit cells increase gradually from O to 2z in steps of /8. Due to the identical
sizes in both the x and y directions and the deep subwavelength thickness (A/10) in
the z direction for the phased unit cells, the proposed metasurface structure is an
excellent candidate for fabricating 3D acoustic devices with the advantage of easy
integration.
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9.2.2 Design and Performance of Reflected Point AF Lens

Based on the selected sixteen unit cells and the 2D generalized Snell’s law, we
design four types of reflected metasurfaces with different AF effects, such as point
focusing, line focusing in the x and y directions, and long-focus focusing. Figure 9.4
schematically shows the reflected point-focusing lens [1], where the focus is located
at the position (0, 0, e), and e represents the focal length. Thus, the reflected angles

0, and f; can be expressed as:
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Fig. 9.3 Simulated reflected pressure distributions caused by the selected sixteen quasi-3D unit
cells with different values of w/w at 3.43 kHz
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Based on Egs. (9.1)—(9.3), the theoretical phase distribution of the reflected point
focusing lens is expressed as:

@ = —ky/x2+y2 4 €2 9.4)

Here, the focal length e = 10 cm, and the size of the metasurface in the x—y plane is
40 cm x 40 cm. Figure 9.5a, b show the theoretical continuous and discrete phase
distributions of the reflected point-focusing lens, respectively.

Based on the discrete phase distribution in Fig. 9.5b, we design the reflected
point-focusing lens and simulate the reflected 3D intensity distributions caused by
the theoretical continuous phase distribution and the reflected point-focusing lens, as
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Fig. 9.5 a Theoretical continuous and b discrete phase distributions of the reflected point-focusing
lens

shown in Fig. 9.6a, b, respectively. It is evident that the point-focusing effect caused
by the reflected lens agrees well with the theoretical result, and the center position
of the focus for both cases is located at (0, 0, 9.5 cm). Therefore, the focal length of
the reflected point-focusing lens is 9.5 cm, which is close to the theoretical value of
10 cm. The slight difference in focal length between the two results arises from the
limited size of the metasurface.

To quantify the AF performance of the reflected point-focusing lens, we simulate
the reflected intensity distributions through the focus in the x and z directions (lines
I and IT in Fig. 9.6), as shown in Fig. 9.7a, b, respectively. The intensities in Fig. 9.7
are normalized by the maximum intensity of each figure. It is clear that the intensity
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Fig. 9.6 Simulated reflected 3D intensity distributions caused by a the theoretical continuous phase
distribution and b the reflected point focusing lens at 3.43 kHz
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distributions agree well for both cases. Additionally, as shown in Fig. 9.7b, the focal

length is 9.5 cm, which is close to the theoretical value of 10 cm. Thus, the reflected
lens exhibits high performance of point focusing in 3D space.
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Fig. 9.7 Simulated intensity distributions along lines a I and b II in Fig. 9.6
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9.2.3 Design and Performance of Reflected Line AF Lens

In addition to the reflected point focusing, we design two types of reflected line
focusing lenses in the x and y directions [1]. Figure 9.8 presents the reflected meta-
surface with line focusing along x = 0, where the parameters siné,, cosf; and sinf;
in Eq. (2.50) are expressed as:

|x]

sin 91- = \/x2—v, (95)
cos B, = —sign(x), 9.6)
sin B, = 0. 9.7)

Based on Egs. (2.50) and (9.5)—(9.7), the theoretical phase distribution of the
reflected line-focusing lens satisfies:

@ = —kyvx2+ e 9.8)

Here, the focal length e and the size of the metasurface are the same as those in Fig. 9.4,
and the theoretical continuous and discrete phase distributions of the reflected line-
focusing lens are displayed in Fig. 9.9a, b, respectively. It is evident that the phase
distribution is independent of the parameter y, which agrees with Eq. (9.8).

Figure 9.10a, b show the reflected 3D intensity distributions caused by the theoret-
ical continuous phase distribution and the reflected line-focusing lens, respectively.
Note that the reflected sound energy is primarily focused on the line x = 0 and is
very weak in other positions. The characteristics of the reflected line-focusing lens
(Fig. 9.10b) agree well with the theoretical results (Fig. 9.10a). Additionally, the

Fig. 9.8 Schematic of the
reflected metasurface with
line focusing along x =0
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Fig. 9.9 a Theoretical continuous and b discrete phase distributions of the reflected line focusing
lens along x =0

reflected intensity distributions through the focus in the x, y, and z directions (lines
III, IV, and V in Fig. 9.10a, b) are presented in Fig. 9.11. By comparing the inten-
sity distributions in the x and y directions, it is clear that the reflected sound energy
is mainly focused on the line x = 0 (Fig. 9.11a), and the intensity is greater than
0.8 in the range from y = —10 to 10 cm (Fig. 9.11b), indicating that the reflected
sound energy is focused along the line x = 0. Moreover, as shown in Fig. 9.11c,
the focal length is close to the theoretical value of 10 cm, further demonstrating the
performance of the reflected line focusing in 3D space.

Next, we design a reflected metasurface with line focusing along y = 0, as shown
in Fig. 9.12. In this case, sinf;, sinf,, and cosf, are expressed as:

Reflected |p|” (Pa’)
N 2 o

Fig. 9.10 Simulated reflected 3D intensity distributions caused by a the theoretical continuous
phase distribution and b the reflected line focusing lens along x = 0 at 3.43 kHz
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Fig. 9.11 Simulated intensity distributions along lines a III, b IV and ¢ V in Fig. 9.10

oyl

S 91— = W, (99)
cos B =0, (9.10)

sin B, = —sign(y). 9.11)

Based on Egs. (2.50) and (9.9)-(9.11), the theoretical phase distribution of the
reflected line-focusing lens along y = 0 can be written as:

0 = —ky2 + e2. (9.12)

Based on Eq. (9.12), we calculate the theoretical continuous and discrete phase
distributions of the reflected line AF lens, as shown in Fig. 9.13a, b, respectively.
Figure 9.14a, b show the reflected intensity distributions caused by the theoretical

Fig. 9.12 Schematic of the
reflected metasurface with
line focusing along y = 0
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continuous phase distribution and the reflected line-focusing lens, respectively, where
the line focusing occurs along y = 0. The reflected intensity distributions through
the focus along the x, y, and z directions (lines VI, VII, and VIII in Fig. 9.14) are
shown in Fig. 9.15a—c, respectively. It is evident that the intensity distributions for
both cases agree with each other. Additionally, the intensity distributions in the x and
y directions (Fig. 9.15a, b) are opposite to those in Fig. 9.11a, b, while the result in
Fig. 9.15c is almost identical to that in Fig. 9.11c, demonstrating the characteristics
of the reflected line focusing along y = 0.

_2[] E E

”0 20

x {cm} % (Lm)

v (cm)
]
Phase (rad)

?J

Fig. 9.13 a Theoretical continuous and b discrete phase distributions of the reflected line-focusing
lens along y =0

Reflected |p[* (Pa’) Reflected |p[* (Pa’)
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20 $
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Fig. 9.14 Simulated reflected 3D intensity distributions caused by a the theoretical continuous
phase distribution and b the reflected line focusing lens along y = 0 at 3.43 kHz
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Fig. 9.15 Simulated intensity distributions along lines a VI, b VII, and ¢ VIII in Fig. 9.14

9.2.4 Design and Performance of Reflected Long-Focus AF
Lens

Finally, we design a reflected metasurface with a Bessel beam [1], which exhibits the
characteristic of long-focus focusing. As shown in Fig. 9.16, the parameter « is the
base angle of the Bessel beam. Using Eq. (2.50), the theoretical phase distribution
of the reflected long-focus focusing lens in the x—y plane is expressed as:

@ = —ksin a/x2 + y2. (9.13)

Here, the base angle o = 16°, and the size of the metasurface is the same as that
in Fig. 9.4. Figure 9.17a, b present the theoretical continuous and discrete phase
distributions of the reflected long-focus focusing lens, respectively. Figure 9.18a,

Fig. 9.16 Schematic of the Long focus !
reflected metasurface with a
non-diffracting Bessel beam
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Fig. 9.17 a Theoretical continuous and b discrete phase distributions of the reflected long-focus
focusing lens

b show the reflected 3D intensity distributions caused by the theoretical continuous
phase distribution and the reflected long-focus focusing lens, respectively. It is evident
that a non-diffracting Bessel beam is formed by the reflected long-focus focusing
lens (Fig. 9.18b), and the sound energy propagates along the z direction with a long
focus, indicating that the reflected lens exhibits high performance in long-focus AF.
Moreover, the reflected intensity distributions through the long focus in the x and
z directions (lines IX and X in Fig. 9.18) are displayed in Fig. 9.19. Both types of
results are nearly identical. Additionally, the intensity is high at the long focus in the
z direction, indicating that high performance of the long-focus AF effect in 3D space
has been achieved.

Fig. 9.18 Simulated
reflected 3D intensity
distributions caused by a the
theoretical continuous phase
distribution and b the
reflected long-focus focusing
lens at 3.43 kHz
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Fig. 9.19 Simulated intensity distributions along lines a IX and b X in Fig. 9.18

9.3 Three-Dimensional Long-Focus Acoustic Vortex
Focusing by Reflected Metasurfaces

9.3.1 Design and Performance of Phased Unit Cell

As schematically shown in Fig. 9.20, we propose a reflected phased unit cell
composed of a cuboid solid with a groove on the upper side. The cross-sections
of the x—z and y—z planes of the phased unit cell are identical, and the structural
parameters are w = 1.0 cm, & = 2.5 cm, and d = 0.1 cm. The groove depth Ay is
tunable, allowing for the modulation of reflected phase delays of sound. The incident
wavelength A of sound is selected as 3.8 cm (i.e., f = 9.0 kHz in air). Throughout
this work, the characteristics of long-focus AVF are simulated using the COMSOL
Multiphysics software, with the following material parameters: density p = 1180 kg/
m?, longitudinal wave velocity ¢; = 2720 m/s, and transversal wave velocity ¢, =
1460 m/s for epoxy resin; p = 1.21 kg/m? and sound velocity ¢ = 343 m/s for air.

Figure 9.21 shows the reflected phase delays caused by the phased unit cells
with different values of hg. It is evident that, in the range of 0.1 < Ay < 2.4 cm, the
theoretical reflected phase delays cover the entire 2n range. Here, we select sixteen
different values of & (the red open circles) to achieve equally spaced phase delays
from O to 27 in steps of n/8.
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9.3.2 Design and Performance of Reflected Long-Focus AVF
Lens

Based on the selected sixteen phased unit cells, we design a planar reflected meta-
surface with long-focus AVF. Figure 9.22 shows the normal incidence of an acoustic
wave on the reflected metasurface, where the sound reflections form a long vertex
focus. To design this, we introduce the phase distribution of a vortex beam in free
space, which is expressed as:

¢s(0) = nb, 9.14)

where 7 is the topological charge of the vortex beam [7], and 8 is the azimuth
angle, ranging from O to 27 in the x—y plane. To simultaneously achieve acoustic
vortex and long-focus focusing in free space, we introduce the phase distribution of
anon-diffracting Bessel beam. Based on Egs. (2.50) and (9.14), the theoretical phase
distribution of the reflected long-focus AVF lens in the x—y plane is written as:

¢ = —ksinay/x2 +y? +nb, (9.15)

where k = 2nf/c is the wave number in air, and ¢ and f are the sound velocity and
frequency, respectively. a is the base angle of the Bessel beam, and the parameter
0 satisfies tand = x/y. Here, the parameters o and n are selected as 15° and 1,
respectively, and the size of the reflected lens is 40 x 40 cm? in the x—y plane.
Figure 9.23a, b show the theoretical continuous and discrete phase distributions of
the reflected long-focus AVF lens in the x—y plane, respectively. It is worth noting

Fig. 9.22 Schematic of the |0|1g-f0¢1|5 AVF
reflected metasurface with :
long-focus AVF

Incident
wave
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Fig. 9.23 a Theoretical continuous and b discrete phase distributions of the reflected long-focus
AVF lens withn = 1

that the phase distribution exhibits the typical characteristics of a vortex beam with
n = 1, and both types of phase distributions agree with each other.

Based on the two types of phase distributions, we design the reflected long-focus
AVF lens composed of the sixteen types of phased unit cells. Figure 9.24a shows
the 3D reflected intensity distribution caused by the reflected long-focus AVF lens.
It is evident that the sound reflection is concentrated into a long hollow focus in
the z direction, covering the range of 28-72 cm (Ipl2 > 5.0 Pa?). On the other hand,
the sound energy at the center of the long focus is almost zero, showing the typical
characteristics of both Bessel and vortex beams.

To further illustrate the characteristics of the long-focus AVF, we display the
reflected intensity and phase distributions of the long focus at five selected cross-
sections of z = 30, 40, 50, 60, and 70 cm, as shown in Fig. 9.24b, c, respectively.
It is evident that, as z increases, a concentric ring-shaped region appears at the
center of each cross-section (Fig. 9.24b), consistent with Fig. 9.24a. Additionally,
the sound energy in the ring-shaped region (Ipl> > 6.0 Pa?) is much larger than that
at the center of the five cross-sections (Ipl”> ~ 0) due to the existence of a phase
singularity (Fig. 9.24c). The phase distributions in Fig. 9.24c exhibit the typical
characteristics of a vortex beam with n = 1, further verifying the characteristics of
long focus and acoustic vortex in 3D free space. In addition to the aforementioned
results, we simulate the intensity and phase distributions caused by the theoretical
continuous phase distribution for comparison, as shown in Fig. 9.24d—f. It is evident
that the characteristics of the long-focus AVF match well with those in Fig. 9.24a—c,
further demonstrating the performance of the long-focus AVF caused by the reflected
metasurface.

To quantify the performance of the long-focus AVF, we display the simulated
longitudinal and transverse intensity distributions through the long focus along lines
I-IIT in Fig. 9.24a, as shown in Fig. 9.25. It is evident that two sound energy peaks
(Ipl* &~ 12.0 Pa?) exist on both sides of x = 0, while the sound intensity at x = 0 is
close to zero (Fig. 9.25a). Additionally, as shown in Fig. 9.25b, the intensities along
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Fig. 9.24 a Simulated 3D reflected intensity distribution caused by the reflected long-focus AVF
lens at 9.0 kHz, and its corresponding reflected b intensity and ¢ phase distributions at the five
selected cross-sections of z = 30 cm, 40 cm, 50 cm, 60 cm, and 70 cm. d Simulated 3D reflected
intensity distribution caused by the theoretical continuous phase distribution, and its corresponding
reflected e intensity and f phase distributions at the five cross-sections

line 11 are much larger than those along line III (Ipl*> ~ 0), which arises from the
existence of the phase singularity in line ITI. Moreover, the FLHM of the focus along
line II reaches 35 cm (9.2)), showing the typical characteristic of long-focus AVF.
Therefore, we further verify high performance of both long-focus AF and vortex in
3D space caused by the reflected metasurface.

Next, we discuss the working bandwidth of the reflected long-focus AVF lens.
Figure 9.26 shows the intensity and phase distributions caused by the long-focus
AVF lens at different frequencies, with other parameters remaining unchanged. It is
noted that, as the frequency increases, the position of the long focus gradually moves
along the +z direction. However, the characteristics of the long-focus AVF remain
the same, consistent with those in Fig. 9.24. Moreover, we simulate the intensity
and phase distributions caused by the long-focus AVF lens at both edge frequencies
(8.0 and 11.0 kHz), as shown in Fig. 9.27. It is evident that the field distributions
exhibit clear characteristics of reflected long-focus AVF at both edge frequencies.
Therefore, the working bandwidth of the long-focus AVF lens reaches 3.0 kHz, and
its fractional bandwidth is 0.28, demonstrating a broadband characteristic.
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Fig. 9.25 Simulated intensity distributions along lines a I, b II and III in Fig. 9.24a

[p|* (Pa’) . Phase (rad)

Phase

2r

Phase

Intensity

Phase

Intensity
20
20 e

Fig. 9.26 Simulated 3D reflected intensity distributions caused by the reflected long-focus AVF
lens at a 8.2 kHz, b 8.7 kHz, ¢ 9.2 kHz, d 9.7 kHz, e 10.2 kHz, and f 10.7 kHz. Insets on the
right side represent the phase and intensity distributions at the cross-section of z = 60 cm (the red
translucent planes)
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Fig. 9.27 Simulated 3D reflected intensity distributions caused by the reflected long-focus AVF lens
at a 8.0 kHz and b 11.0 kHz. Insets on the right side represent the phase and intensity distributions
at the cross-section of z = 55 cm (the red translucent planes)

80

9.3.3 Design and Performance of Reflected Long-Focus AVF
Lens withn = 2

Furthermore, based on Eq. (9.15), we design a reflected long-focus AVF lens with
n = 2. The theoretical continuous and discrete phase distributions are shown in
Fig. 9.28a, b, respectively. Figure 9.29 shows the simulated intensity and phase
distributions caused by the reflected long-focus AVF lens with n = 2. It is evident
that the sound reflections are concentrated into a long hollow focus with a height of
92, and the characteristics of the long-focus AVF are similar to those of the reflected
lens with n = 1 in Fig. 9.24. However, as shown in Fig. 9.29b, the phase delay
changes from 0 to 2z twice around a circle at the three cross-sections of z = 20, 40,
and 60 cm, which differs from that in Fig. 9.24. This phenomenon is also clearly
displayed in Fig. 9.30.

9.3.4 Design and Performance of Underwater Reflected
Long-Focus AVF Lens

Finally, we design a type of reflected long-focus AVF lens immersed in water.
Figure 9.31 schematically shows the x(y)—z cross-section of the reflected phased
unit cell, in which the parameters are the same as those in Fig. 9.20. The material
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Fig. 9.28 a Theoretical continuous and b discrete phase distributions of the reflected long-focus
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Fig. 9.29 a Simulated 3D reflected intensity distribution caused by the reflected long-focus AVF
lens with n = 2 at 9.0 kHz, and its corresponding reflected b phase distribution at the cross-sections
of z =20 cm, 40 cm, and 60 cm

parameters used in the simulations are density p = 1000 kg/m? and sound velocity
¢ = 1490 m/s for water; and p = 8800 kg/m?, Young’s modulus E = 108.42 GPa,
and Poisson’s ratio v = 0.33 for brass. Figure 9.32 shows the reflected phase delays
of sound caused by the phased unit cells with different values of &g, and its theoret-
ical reflected phase delays can cover the whole 2r range in the range of 1.0 < i <
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Fig. 9.30 Simulated phase
delays around in a circle with
a radius of 6 cm (the black
open circles in Fig. 9.29b)
with different values of 6 at
the three cross-sections

Fig. 9.31 Schematic of the
x(y)—z cross-section of a
phased unit cell made of
brass immersed in water

——=20cm ——=-z=40 cm —-—-z=60 cm

@ (rad)

| X)) -
W

R T 1
Incident | 1
wave | I
1 I
| I
Reflected | |
wave | I
M
hn
d
+
h
Brass

2.0 cm. Here, we select sixteen discrete values of /g (the red open circles) to realize
an equally spaced phase delay from O to 2x with a step of n/8.
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Fig. 9.32 Reflected phase
delays caused by the phased
unit cells with different
values of hg at 30 kHz

¢ (rad)

L | L

1.0 1.5 2.0
h, (em)

Fig. 9.33 Schematic of the
reflected metasurface with
long-focus AVF immersed in
water
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Figure 9.33 schematically shows the reflected metasurface with long-focus
AVF immersed in water. Here, the size of the metasurface is the same as that in
Fig. 9.22, and its theoretical continuous and discrete phase distributions in the x—y
plane are shown in Fig. 9.34a, b, respectively.

Figure 9.35 shows the simulated intensity and phase distributions caused by the
reflected long-focus AVF lens immersed in water. We can see that there exist typical
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Fig. 9.34 a Theoretical continuous and b discrete phase distributions of the reflected long-focus

AVF lens at 30 kHz

characteristics of the acoustic vortex and the long focus in the range of 30—120 cm (Ipl?
> 2.5 Pa?). The reflected long-focus AVF lens is important for realizing advanced
in-vivo acoustic tweezers as it can penetrate deeper to the lesion location, which
can be potentially applied to broken bones removing, thrombus ablation, and nerve

stimulation.

Fig. 9.35 Simulated 3D
reflected intensity
distributions caused by the
reflected long-focus AVF
lens in water at 30 kHz.
Insets on the right side
represent the phase and
intensity distributions at the
cross-section of z = 110 cm
(the red translucent plane)

Phase
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9.4 Three-Dimensional Acoustic Asymmetric Focusing
by Mode-Conversion Meta-Atoms

9.4.1 Design and Performance of Phased Unit Cell

To realize the 2D AAF lens constructed by mode-conversion meta-atoms, we design
a phased unit cell [3] composed of two arrays of Helmholtz resonators (Fig. 9.36).
The parameters are selected ash =3 cm, w =2 cm, h; =0.55cm, d; = 0.1 cm, and
dy = 0.2 cm, with w; and ki being tunable to modulate the phase delay of sound. The
sound wavelength /A is selected as 6 cm (i.e., f = 5716 Hz in air). Throughout this
work, the propagation characteristics of sound are simulated using the COMSOL
Multiphysics software. In the simulations, the 2D AAF lens is made of epoxy resin
to satisfy the sound-hard boundary condition, and the material parameters of air are
selected as p = 1.21 kg/m?® and ¢ = 343 m/s.

Figure 9.37a, b show the simulated phase delays and transmittances caused by
the phased unit cells with different values of w; and %, respectively. It is evident
that, when both parameters w; and A are in the range of 0.2-0.5 cm, the phase delay
of sound can cover the entire 27 range, and most of the transmittances exceed 0.8.
Here, we select two phased unit cells (the black open circles labeled “T” and “II”")
to design the mode-conversion meta-atom. The phase difference between the two
unit cells is w, and the corresponding transmittances are 0.96 and 0.99. Figure 9.38
shows the total pressure distributions through the phased unit cells I and II excited by
zero-order waves with the same initial phases. The transmitted pressure distributions

Fig. 9.36 Schematic of the
phased unit cell and its

&~
cross-section P - d]
' ’
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Transmitted wave ) W‘
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Fig. 9.37 a Simulated phase delays and b transmittances caused by the phased unit cells with
different values of w; and A at 5716 Hz. The two black open circles represent phased unit cells I
(w; =0.24 cm and h; = 0.38 cm) and I (w; = 0.46 cm and 71 = 0.48 cm)

clearly exhibit high transmission and opposite phase delays caused by the phased
unit cells I and II.

9.4.2 Design and Performance of Mode-Conversion
Meta-Atom

Next, we discuss the mode conversion between the zero-order (n, = 0) and first-order
(n, = 1) waves in the x direction, where the order of both waves in the y direction is
selected as n, = 0. As shown in Fig. 9.39, we place a mode-conversion meta-atom
in a straight waveguide with widths w, and wy in the x and y directions, respectively.
When the zero-order wave impinges on the meta-atom along the z direction, the sound
energy transmits through the meta-atom and is converted into the first-order wave in
the x direction. Based on Eq. (2.53), we obtain the theoretical phase distribution of
the mode-conversion meta-atom, as shown in Fig. 9.40a.

Based on the theoretical continuous phase distribution in Fig. 9.40a, we select four
discrete phase delays (two pairs of “0” and “n”) to design a mode-conversion meta-
atom, as shown in Fig. 9.40b. Figure 9.41 schematically shows the mode-conversion
meta-atom composed of two pairs of phased unit cells I and II, with a cross-shaped
solid structure placed at the middle of the meta-atom to separate the unit cells on
both sides. The phase distribution of the meta-atom is the same as that in Fig. 9.40b.
Additionally, we design a step waveguide placed on the upper side of the meta-atom.
When the width of the step waveguide is smaller than or equal to A/2, the first-
order wave cannot pass through it, enabling the realization of AAT. By selecting the
parameters wg = w, =5 cm, wr =3 cm, [3 =4 = 1.5 cm and w3 = 1 cm, we design
the mode-conversion meta-atom with both phase control and AAT functionalities.
Figure 9.42a schematically shows the acoustic propagation paths through the mode-
conversion meta-atom excited by the zero-order wave. The normal incidence of sound
from the top and bottom sides of the meta-atom is defined as top incidence (TI) and
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Fig. 9.38 Simulated
pressure distributions
through phased unit cells I
and II under the excitation of
the zero-order wave

p (Pa)

Zero-order wave

bottom incidence (BI), respectively. For TI, the zero-order wave transmits through
the meta-atom and is converted into the first-order wave in the x direction. However,
for BI, the converted first-order wave inside the step waveguide cannot pass through
a narrow channel on the upper side due to the limitation of its cutoff frequency. To
verify this, we simulate the pressure distributions caused by the meta-atom under
the excitation of the zero-order wave for TI and BI, as shown in Fig. 9.42b. The
corresponding pressure distributions further demonstrate the acoustic propagation
paths in Fig. 9.42a, showing typical characteristics of mode conversion and AAT for
the designed mode-conversion meta-atom.

Moreover, we simulate the transmittance spectra caused by the mode-conversion
meta-atom for TT and BI. As shown in Fig. 9.43a, in the range of 5.38-6.31 kHz, the
transmittances are greater than 0.7 for TI but lower than 0.2 for BI, demonstrating high
performance of AAT. This phenomenon is attributed to the stable phase differences
of both phased unit cells. To verify this, we simulate the phase difference spectrum
of the phased unit cells I and II, as shown in Fig. 9.43b. It is evident that the phase
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Fig. 9.39 Schematic of the conversion between the zero-order and first-order waves through a
mode-conversion meta-atom in a straight waveguide

difference is around = in the black shaded region (5.38-6.31 kHz), indicating the
stable phase difference of both phased unit cells. Therefore, the working bandwidth
of the mode-conversion meta-atom is 0.93 kHz, and the corresponding fractional
bandwidth reaches 0.16.

9.4.3 Design and Performance of AAF Lens

As schematically shown in Fig. 9.44, we design a 2D AAF lens based on mode-
conversion meta-atoms [3]. For TI of a zero-order wave (Fig. 9.44a), the sound energy
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Fig. 9.40 a Theoretical continuous and b discrete phase distributions of the mode-conversion
meta-atom

Solid

Fig. 9.41 Schematic of the mode-conversion meta-atom composed of two phased unit cells I and
II and a step waveguide on the upper side

transmits through the lens and is focused on the bottom side. For BI of the zero-order
wave (Fig. 9.44b), the sound energy cannot pass through the lens, demonstrating the
characteristic of AAF in 3D space.

Based on Eq. (2.50), the theoretical phase distribution of the 2D AF lens can be
expressed as:

O(x,y) = —ko/x2 + y* + €2, (9.16)
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Fig. 9.42 a Schematic of acoustic propagation paths for TI and BI. b Simulated pressure distribu-
tions through the mode-conversion meta-atom under the excitation of the zero-order wave for TI
and Bl at 5716 Hz
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Fig. 9.43 a Simulated transmittance spectra through the mode-conversion meta-atom excited by
the zero-order wave for TI and BI. b Simulated phase difference spectrum of phased unit cells
I and II. The black shaded regions (5.38-6.31 kHz) in (a, b) represent the working band of the
mode-conversion meta-atom

where the focal length e = 20 cm. Figure 9.45a shows the theoretical continuous
phase distribution of the 2D AAF lens. Based on the theoretical continuous phase
distribution and the phased unit cells I and II in the mode-conversion meta-atom,
we use 44 meta-atoms with 176 discrete phase delays to design the 2D AAF lens
(Fig. 9.45b). The other parts are filled with epoxy resin to connect adjacent structures.
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Zero-order wave

Zero-order wave

Fig. 9.44 Schematic of acoustic propagation paths through an AAF lens under the excitation of
the zero-order wave for a TI and b BI

The photographs of the designed 2D AAF lens, as well as its upper and bottom
surfaces, are shown in Fig. 9.46.

Next, we conduct an experiment to measure the intensity distributions caused by
the AAF lens. Figure 9.47a, b present the schematic and photograph of the experi-
mental set-up, respectively. The incident zero-order wave is generated from a loud-
speaker array composed of 36 loudspeakers driven by a power amplifier. A set of
motorized linear stages moves microphone 1 (Briiel & Kjar type-4961) to detect

25

yi{em)
=
Phase (rad)

x (em) a

Fig. 9.45 a Theoretical continuous and b discrete phase distributions of the AAF lens
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Fig. 9.46 Photographs of the AAF lens composed of 44 mode converters, and the upper and bottom
surfaces

sound signals at each position in a square scanning region, and microphone 2 is used
as a reference. The software Pulse Labshop is used to record the sound amplitude
and phase at each position in the scanning region.

Figure 9.48a, b show the intensity distributions caused by the AAF lens for TI
and BI, respectively. The bottom insets show the measured and simulated intensity
distributions in regions R1 and R2 for TI, and R3 and R4 for BI. It is observed that
the sound energy transmits through the lens for TI and is focused on the bottom side,
while the transmitted sound energy is very weak for BI. The measured results agree
well with the simulated ones, demonstrating the AAF effect of the lens. It is noted
that the effects of AF and AAT are attributed to the phase modulation of the lens and
the cutoff frequency of the first-order wave for the step waveguide. To verify this,
we simulate the intensity distributions caused by the lens composed of meta-atoms
without the step waveguide for TI and BI, as shown in Fig. 9.49a, b, respectively.
It is evident that the sound energy transmits through the lens and is focused for TI
and BI. The focusing characteristics for both cases are the same, further verifying
the mechanisms of both AF and AAT.

To further demonstrate the performance of the AAF lens, we measure and simulate
the normalized intensity distributions along lines I-IV in Fig. 9.48, as shown in
Fig. 9.50a, b. It is observed that the intensities along lines I and II are greater than
those along lines III and IV, and the focal length is 17 cm (Fig. 9.50a), which is
close to the theoretical value of 20 cm. Additionally, the FLHM of the focus in
the x direction is 3.4 cm, equal to 0.57A (Fig. 9.50b). The measured and simulated
results are consistent with each other, demonstrating the AAF effect of the lens.

Finally, to present the working bandwidth of the AAF lens, we measure and
simulate the intensity distributions caused by the lens for TI and BI at 5650, 5900
and 6150 Hz, which are shown in Fig. 9.51. We observe that the AAF effect still
exists at the three selected frequencies, and the measured results match well with the
simulated ones.

In addition, we simulate the transmittance spectra caused by the lens for TI and BI,
and the maximum intensity spectra along line I, which are presented in Fig. 9.52. As
shown in Fig. 9.52a, in the black shaded region (5.47-6.31 kHz), the transmittances
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are larger than 0.6 for TI, but are lower than 0.2 for BI, showing high performance
of AAT for the lens. Moreover, the maximum intensity along line I is larger than
4.0 Pa? in the black shaded region (Fig. 9.52b), demonstrating high performance of
AF for the lens. Therefore, the working bandwidth of the 2D AAF lens is 0.84 kHz,
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Fig. 9.48 Measured and simulated intensity distributions caused by the AAF lens for a Tl and b BI
at 5716 Hz. The blue arrows represent the incident zero-order wave, and the bottom eight insets
represent the measured and simulated intensity distributions in regions R1-R4

and the fractional bandwidth is 0.14, showing a broadband characteristic of the 2D

AAF lens.

9.4.4 Performance Modulation

In addition to the AAF lens with e = 20 cm, we design another two types of AAF
lenses with the focal lengths of 10 and 15 cm. Figure 9.53 shows the theoretically
continuous and discrete phase distributions of the 2D AAF lenses with the focal

lengths of 10 and 15 cm, respectively.
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Fig. 9.49 Simulated intensity distributions caused by the AAF lens composed of the meta-atoms
without the step waveguide for a TI and b BI at 5716 Hz. The blue arrows represent the incident
zero-order wave
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Fig. 9.50 Measured and simulated intensity distributions along a lines I and III and b lines II and
IV in Fig. 9.48. The intensities are normalized by the maximum value of each figure

Figure 9.54 shows the simulated intensity distributions caused by the AAF lenses
with the focal lengths of 10 and 15 cm for TI and BI. The middle insets are the
intensity distributions in regions R11-R14. As shown in Fig. 9.54a, c, the zero-order
wave can transmit through the lens, and is focused at the bottom side for T1. However,
for BI (Fig. 9.54b, d), the zero-order wave cannot pass through the lens.

To further present the focusing performance of the AAF lenses, we simulate the
intensity distributions along the line I in Fig. 9.48, and the lines V and VI in Fig. 9.54,
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Fig. 9.51 Measured and simulated intensity distributions caused by the 2D AAF lens at a,
b 5650 Hz, ¢, d 5900 Hz, and e, f 6150 Hz for TI and BI. The blue arrows represent the zero-
order wave, and the middle twelve insets are measured and simulated intensity distributions in
R5-R10

which are shown in Fig. 9.55. We can see that the maximum intensities at the focuses
are about 6.9, 11.7, and 13.5 Pa?, and the focal lengths are about 17.0, 11.1, and
13.1 cm, which are close to the theoretical values of 20, 10 and 15 cm. Therefore, we
can design the AAF lenses with different focal lengths by selecting different phase
distributions.
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Fig. 9.52 a Simulated transmittance spectra caused by the AAF lens for TI and BI, and b maximum
intensity spectra along line I in Fig. 9.48a
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Fig. 9.53 Theoretically continuous and discrete phase distributions of the AAF lenses with the
focal lengths of a,b 10 cm and ¢, d 15 cm
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Fig. 9.54 Simulated intensity distributions caused by the AAF lenses with focal lengths of a, b 10
cm and ¢, d 15 cm for TI and BI. The blue arrows represent the zero-order waves. The middle four
insets show the intensity distributions in regions R11-R14

9.5 Three-Dimensional Acoustic Asymmetric Vortex
Focusing by Mode-Conversion Meta-Atoms

9.5.1 Design and Performance of Mode-Conversion
Meta-Atom

Figure 9.56 shows the photograph of the designed 2D AAVF lens [4] with a radius r
=25.8 cm, composed of a central solid cylinder and twelve fan-shaped structures (the
red shaded region). Each fan-shaped structure (the upper inset) is constructed by four
mode-conversion meta-atoms. The 2D AAVF lens is made of epoxy resin to satisfy
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the hard sound boundary condition. As shown in Fig. 9.56b, the mode-conversion
meta-atom consists of two pairs of out-of-phase phased unit cells (denoted as A and
B) and a step waveguide on the upper side. Both phased unit cells (with length / =
4 cm and width w = 1.2 cm) are composed of eight Helmholtz resonators on both
sides and a central channel.

To design the out-of-phase phased unit cells, we adjust the volume of each
Helmholtz resonator by tuning the width w; of the central channel, thereby realizing
different resonant frequencies and phase delays of sound. Based on two pairs of out-
of-phase phased unit cells, we can achieve the conversion between the zero-order and
first-order waves. It is noted that the zero-order wave can pass through the waveg-
uide with an arbitrary width, while the first-order wave can only transmit through the
waveguide with a width larger than half the wavelength. Here, the selected width wy of
the step waveguide is smaller than half the wavelength of sound, which prohibits the
propagation of the first-order wave, enabling the AAT effect. Throughout this work,
we use COMSOL Multiphysics software to simulate the performance of AAVF. The
structural parameters of the mode-conversion meta-atom are selected as w, = 1.3 cm,
wy=48cm,wys=2cm,/; =09cm,l, =0.15cm, /3 =1.5cmand d = 0.08 cm,
The sound wavelength A is 5 cm (i.e., fo = 6.86 kHz in air). The material parameters
of air are p = 1.21 kg/m? and ¢ = 343 m/s in the simulations.

Figure 9.57 shows the simulated transmission coefficients and phase delay spectra
through the phased unit cells with different values of w;. Here, we select six phased
unit cells with equally spaced phase delays from O to 2r, and their transmission
coefficients are greater than 0.9. Based on these six phased unit cells, we design
three types of binary-phase mode-conversion meta-atoms, denoted as I, I, and III,
as shown in Fig. 9.58.
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Fig. 9.56 a Photograph of the 2D AAVF lens composed of a central solid cylinder and twelve
fan-shaped structures with four mode-conversion meta-atoms. b Schematic of the mode-conversion
meta-atom composed of two pairs of out-of-phase phased unit cells (A and B) and a step waveguide

on the upper side
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Fig. 9.58 Schematic of three types of mode-conversion meta-atoms I, II, and III constructed by
the selected six phased unit cells in Fig. 9.57

To demonstrate their characteristics, we simulate the pressure distributions caused
by the mode converters under the excitation of the zero-order wave for TT and BI, as
shown in Fig. 9.59a, b, respectively. For TI, the zero-order wave transmits through
the step waveguide and phased unit cells, reaching the bottom side of the mode
converter as 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, as the opening width of the step waveguide is smaller than
half the wavelength of sound. Additionally, we simulate the transmittance spectra
of meta-atoms I, II, and III for TT and BI, as shown in Fig. 9.60. The difference in
transmittance coefficients between TI and Bl is greater than 5 dB in the black shaded
regions, demonstrating high performance of AAT for each meta-atom.

Tl Zero-order wave

+max.

p(a.u.)

-max.

First-order wave a BI Zero-order wave b

Fig. 9.59 Simulated pressure distributions caused by mode-conversion meta-atoms I, II, and III
for a TI and b BI at 6.86 kHz
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Fig. 9.60 Simulated transmittance spectra caused by mode-conversion meta-atoms a I, b II, and
¢ III for TI and BI. The working bands (the black shaded regions) are 6.32—7.16 kHz, 6.00-7.10 kHz,
and 6.40-7.28 kHz for meta-atoms I, II and III, respectively

9.5.2 Design and Performance of AAVF Lens withn = 2

Figure 9.61 schematically shows the acoustic propagation paths through a 2D AAVF
lens, where TI and BI represent the normal incidence of acoustic waves from the
upper and bottom sides of the lens, respectively. For TI, the acoustic wave transmits
through the lens and forms a vortex focus on the bottom side. However, for BI, the
acoustic wave cannot transmit through the lens, demonstrating the characteristic of
AAVE. To theoretically design this, we introduce the phase distribution of a vortex
beam in free space as follows:

@v(0) = nb, 9.17)

where n is the topological charge of the vortex beam [7], and @ is the azimuth angle.
Here, by introducing the AVF, the theoretical phase distribution of the AAVF lens in

Fig. 9.61 Schematic of
acoustic propagation paths
through the 2D AAVF lens
for TI and BI
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the x—y plane based on Eq. (2.41) can be written as:

@ =—kVrt+e%+nb, (9.18)

where k = 2nf/c is the wave number in air, ¢ and f represent the sound velocity and
the frequency, respectively. The parameters r = /x% + y? and e are the radial length
and the focal length of the lens, respectively, and the azimuth angle @ satisfies tand
= x/y. Based on Eq. (9.18), we can achieve the AVF effect.

Using the three mode-conversion meta-atoms, we design a broadband 2D AAVF
lens with e = 20 cm and n = 2. Based on Eq. (9.18), we theoretically calculate the
continuous phase distribution of the lens in the x—y plane (Fig. 9.62a), which exhibits
the characteristic of a vortex beam with n = 2. Based on the theoretical continuous
phase distribution, we use 48 meta-atoms to design the AAVF lens. However, gaps
smaller than the size of the meta-atoms inevitably exist, so we fill these gaps with
epoxy resin (the light gray solid in Fig. 9.62b) to connect adjacent meta-atoms. As
shown in Fig. 9.62b, the phase distribution of the AAVF lens is consistent with that
in Fig. 9.62a. Therefore, we can realize the AAVF lens based on the theoretical
continuous phase distribution, and the transmitted vortex focusing can be achieved
through phase control.

Figure 9.63a, b show the simulated intensity distributions through the 2D AAVF
lens for TT and BI, respectively. For TI (Fig. 9.63a), the sound energy passes through
the lens and is focused into a narrow hollow cylinder, with the sound energy at
the center being almost zero, demonstrating the characteristic of AVF. However, for
BI (Fig. 9.63b), the sound energy cannot transmit through the lens, showing the
characteristic of AAVFE. This is because the converted first-order wave cannot pass
through the step waveguide of each mode converter. Furthermore, we simulate the
intensity distributions caused by the lens composed of meta-atoms without the step
waveguide, as shown in Fig. 9.64. The acoustic wave transmits through the lens and
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Fig. 9.62 a Theoretical continuous and b discrete phase distributions of the 2D AAVF lens in the
x—y plane at 6.86 kHz. The designed 2D AAVF lens in (b) is composed of 48 mode-conversion
meta-atoms
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forms a vortex focus for both TI and BI, with the characteristics of AVF for TI and
BI being the same as those for TI in Fig. 9.63a, further demonstrating that the AAT
effect is determined by the step waveguide.

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, as shown in Fig. 9.63. Figure 9.65 schematically shows the
experimental set-up, where the AAVF lens sample 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 the sample is 1 m. Additionally, we
use two 0.25 inch-diameter microphones to measure the pressure amplitude and
phase distributions in the scanning region. Microphone 1 detects sound signals in
the scanning region moved by a set of 2D motorized linear stages, and microphone
2 is used as a reference.
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7z}
=t
2
=
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Intensity
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Fig. 9.63 Measured and simulated intensity distributions caused by the AAVF lens for a TI and
b Bl at 6.86 kHz. The twelve insets at the bottom show the intensity and phase distributions caused
by the AAVF lens in R1 (y—z plane at x = 0) and R2 (x—y plane at z = 20 cm) for TI, and R3
(y-z plane at x = 0) and R4 (x—y plane at z = —20 cm) for BI
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Fig. 9.64 Simulated intensity distributions caused by the AAVF lens composed of mode-conversion
meta-atoms without the step waveguide for a TI and b BI at 6.86 kHz. The four insets at the bottom
show the simulated intensity and phase distributions in RS for TI and R6 for BI
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Fig. 9.65 Schematic of the experimental set-up

As shown in the twelve insets at the bottom of Fig. 9.63, the sound energy is
focused into two focal regions in R1 and a ring-shaped region in R2. The phase
distribution in R2 exhibits the characteristic of a vortex beam with n = 2 for TI. The
measured results agree well with the simulated ones. Additionally, no sound energy
passes through the lens in R3 and R4, and the vortex characteristic is absent, further
experimentally verifying the performance of the 2D AAVF lens.



9.5 Three-Dimensional Acoustic Asymmetric Vortex Focusing ... 361

Figure 9.66 shows the measured intensity distributions along lines I-VI in
Fig. 9.63, with the simulated results presented for comparison. As shown in
Fig. 9.66a, the focus is located at z = 20 cm along line I, and the intensities along
line I are much greater than those along line II for TI due to the phase singularity.
Moreover, as shown in Fig. 9.66b, two acoustic energy peaks exist on both sides of
x = 0 along line III, with the intensity at x = 0 being close to zero, demonstrating
the characteristic of AVF. For BI (Fig. 9.66¢, d), 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, experimentally
demonstrating the performance of the lens.

Finally, we experimentally demonstrate the bandwidth of the 2D AAVF lens.
Figure 9.67a—d show the simulated 3D intensity distributions caused by the 2D AAVF
lens for TI and BI at four selected frequencies. As the frequency increases, the focal
length gradually increases for T1, and the characteristics of the focus are the same as
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Fig. 9.66 Measured and simulated intensity distributions along a lines L, I, and b III in Fig. 9.63a,
and along c lines IV, V, and d VI in Fig. 9.63b
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Fig. 9.67 Measured and simulated intensity distributions caused by the 2D AAVF lens for TI and
Bl ata6.2kHz, b 6.6 kHz, ¢ 7.0 kHz, and d 7.4 kHz

those in Fig. 9.63a. Additionally, the acoustic wave cannot pass through the lens for
BI. The measured and simulated results in R7-R 14 at these frequencies are presented
in the middle region, with the measured results agreeing well with the simulated ones.
The measured results demonstrate that the bandwidth of the 2D AAVF lens exceeds
1.2 kHz, and the fractional bandwidth is greater than 0.19, showing the broadband
characteristic of the lens. Moreover, we simulate the contrast ratio of the AAVF lens,
as shown in Fig. 9.68. The simulated contrast ratio is greater than 0.8 in the range of
6.2-7.4 kHz, indicating high-performance AAVF of the designed lens.
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Fig. 9.68 Simulated
contrast ratio of the 2D
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9.5.3 Design and Performance of AAVF Lenses with n = 1
and 3

In addition to the lens with n = 2, we designed two types of 2D AAVF lenses with n
=1 and 3. Figure 9.69a, b show the simulated intensity distributions caused by the
2D AAVF lenses with n = 1 and 3 for TI and BI, respectively. It shows that sound
energy can pass through both lenses and is focused into the shape of a narrow hollow
cylinder for TI. However, for BI, the sound energy cannot reach the upper side of the
lens. These results are similar to those produced by the lens with n = 2, as shown in
Fig. 9.63.

In regions R15 and R17 for TI, the phase distributions complete one full cycle
(from O to 2m) around a circle for the 2D AAVF lens with n = 1, and three full
cycles for the lens with n = 3. Additionally, as n increases, the radius of the AAVF
beam gradually increases, which provides a means for manipulating and screening
particles of different sizes. In regions R16 and R18 for BI, no sound energy passes
through the lens, and the vortex characteristic is absent. This demonstrates the high
performance of AAVF for lenses with n = 1 and 3.
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Fig. 9.69 Simulated
intensity distributions
generated by the 2D AAVF
lenswithan=1landbn=
3 for TI and BI. The middle
eight insets show the
simulated intensity and
phase distributions in R15
and R17 for TI, and in R16
and R18 for BI
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9.6 Conclusion

This chapter presents 3D focusing and asymmetric focusing using phase-controlled
acoustic metamaterials. Four types of 2D acoustic lenses were designed, achieving
point focusing, line focusing, long-focus focusing, and vortex focusing. By using
the 2D generalized Snell’s law, these lenses demonstrated complex sound wavefront
manipulation in 3D space. Experimental and simulation results highlighted their
potential applications in non-contact particle trapping, medical ultrasound imaging,
and therapy, showcasing their versatility in advanced acoustic manipulation.
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Chapter 10 ®)
Conclusions, Challenges, and Future e
Prospects

10.1 Summary of Key Findings and Contributions

This monograph provides a comprehensive exploration of acoustic metamate-
rials, focusing on their ability to manipulate sound in innovative ways. It begins
with an introduction to the fundamental concepts and historical development of
acoustic metamaterials, followed by detailed discussions on a variety of applica-
tions, including AAT, AF, and AAF. Key findings include the successful design and
experimental demonstration of multiple systems for AAT and AF in both underwater
and airborne environments. These AAT and AF systems use advanced theoretical
frameworks such as the EM theory, generalized Snell’s law, and mode conversion
theory, enabling precise control over sound propagation. The monograph also high-
lights the development of broadband and ultra-broadband AF lenses using phase-
controlled and thermoacoustic metamaterials, which have significant potential in
medical ultrasound, nondestructive testing, and acoustic communication. One of the
major contributions of this work is the demonstration of AAF and 3D sound manip-
ulation using acoustic metamaterials, opening new possibilities for applications in
focused ultrasound therapy, acoustic encryption, and non-contact particle trapping.
The key findings and contributions of this monograph are listed as follows:

1. Fundamental theories and modeling methods. Beginning with the establishment
of foundational theories, this work delves into the principles necessary for under-
standing and designing acoustic metamaterials. These include the interference
theory, EM theory, FE method, generalized Snell’s law, mode conversion theory,
and band theory. These frameworks provide the methodological support required
to analyze the effects of AAT, AF, and AAF, providing a robust theoretical basis
for exploring the underlying physical mechanisms.

2. Underwater acoustic metamaterials. Focusing on underwater environments, the
design and experimental demonstration of several AAT systems are explored.
Composed of brass plates and periodic gratings, these systems exhibit AAT
effects across multiple frequency bands below 1500 kHz. The capability to
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control sound propagation paths, asymmetric transmission, and isolation in water
holds significant implications for underwater acoustic communication, sonar
detection, and medical ultrasound imaging and treatment.

3. Airborne acoustic metamaterials. Shifting to airborne applications, the design
of AAT systems is examined, particularly for use in architectural acoustics and
mechanical engineering. Systems such as broadband AAT tunnels/windows and
multi-channel AAT lenses demonstrate the potential for creating open struc-
tures with AAT effects. Their fractional bandwidths underscore their broadband
characteristics, making them highly suitable for a variety of practical applications.

4. Ring-shaped metamaterials. The exploration of AF systems using ring-shaped
metamaterials reveals their ability to leverage rich eigenmodes and resonant
cavity structures to achieve perfect AF with high intensity. These systems show
promise in applications such as underwater signal detection, medical ultrasound
treatment, and acoustic communication.

5. Phase-controlled metamaterials. Highlighting advancements in AF lenses,
phase-controlled metamaterials enable precise shaping of acoustic wavefronts.
Composed of phased unit cells with varying parameters, these lenses exhibit
broadband and ultra-broadband characteristics. Their flexibility and robustness
make them ideal for applications in acoustic communication, energy harvesting,
and medical ultrasound.

6. Thermoacoustic phase-controlled metamaterials. The use of thermoacoustic
phase-controlled metamaterials, which manipulate sound based on temperature
gradients, is also investigated. These materials facilitate the creation of broadband
AF lenses with self-healing and long-focus characteristics. Potential applica-
tions include medical ultrasound, directional bird repelling, and acoustic energy
harvesting.

7. Asymmetric focusing and 3D sound manipulation. Concluding with advanced
applications, the design of AAF and 3D focusing lenses using acoustic meta-
materials is presented. These systems demonstrate the ability to achieve
complex sound wavefront manipulations in 3D space, with potential applica-
tions in focused ultrasound therapy, acoustic encryption, and non-contact particle

trapping.

10.2 Future Research Directions

While the advancements in acoustic metamaterials presented in this monograph have
significantly expanded our ability to manipulate acoustic waves, the field continues to
face challenges that require further exploration. As we look to the future, it is essential
to identify key research directions that can address these challenges and unlock new
possibilities for innovation. The following sections outline several promising areas
for future investigation, ranging from the development of broadband and tunable
devices to the integration of advanced computational tools and the exploration of 3D
sound manipulation. By focusing on these areas, researchers can push the boundaries
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of acoustic metamaterials, enabling transformative applications in fields such as
medical ultrasound, communication, and environmental acoustics.

1.

Broadband and ultra-broadband acoustic devices. Future research should prior-
itize the development of broadband and ultra-broadband acoustic metamate-
rials for applications in AAT, AF, and AAF. Current acoustic metamaterials
often operate within narrow frequency bands, limiting their practical utility
in real-world scenarios. By optimizing multi-resonant structures and phased
unit cells, researchers can create devices capable of functioning across a wide
frequency range. For instance, broadband AAT systems could enable more effi-
cient underwater communication by reducing interference from other sound
sources, while ultra-broadband AF lenses could improve medical ultrasound
imaging by capturing a wider range of frequencies. Additionally, these advance-
ments could enhance noise control in architectural acoustics, allowing for more
effective soundproofing in buildings. The challenge lies in balancing the trade-
offs between bandwidth, structural complexity, and fabrication costs. Future work
could explore the use of advanced materials, such as gradient-index metamate-
rials, to achieve broader bandwidths without compromising performance. By
addressing these challenges, broadband and ultra-broadband acoustic devices
could become more versatile and widely applicable in fields ranging from medical
ultrasound to telecommunications.

Integration of active and tunable metamaterials. The integration of active and
tunable metamaterials represents a significant future direction for acoustic meta-
materials, particularly in applications involving AAT, AF, and AAF. Unlike
passive metamaterials, which have fixed properties, active and tunable metamate-
rials can dynamically adjust their acoustic characteristics in response to external
stimuli, such as temperature changes, mechanical deformation, or electric and
magnetic fields. This adaptability could enable real-time control of sound prop-
agation, allowing for reconfigurable acoustic lenses, tunable sound barriers, and
dynamic noise cancellation systems. For example, in medical ultrasound therapy,
tunable metamaterials could adjust their focusing properties to target different
tissue depths without requiring physical adjustments to the device. Similarly,
in architectural acoustics, active metamaterials could adapt to changing noise
conditions, providing optimal sound insulation in real-time. However, challenges
remain in designing materials that can reliably and efficiently respond to external
stimuli while maintaining structural integrity. Future research could explore the
use of smart materials, such as shape-memory alloys or piezoelectric materials,
to create robust and responsive acoustic devices. By overcoming these chal-
lenges, active and tunable metamaterials could revolutionize the field of acoustics,
enabling more flexible and adaptive applications.

3D acoustic wavefront manipulation. Expanding acoustic metamaterials into 3D
space is a critical future direction for achieving complex wavefront manipu-
lations, such as 3D focusing, vortex generation, and asymmetric transmission.
Most current AAT, AF, and AAF systems are limited to 2D space, which restricts
their practical applications. By designing multi-layered or multi-dimensional
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phased arrays, researchers can create 3D acoustic metamaterials capable of
precise control over sound waves in all spatial dimensions. For instance, 3D
AF systems could improve medical imaging by providing more accurate and
detailed images of internal organs, while 3D AAF systems could enhance focused
ultrasound therapy by targeting tumors with greater precision. Additionally, 3D
acoustic vortex generation could enable non-contact particle trapping, allowing
for the manipulation of small objects in fields like microfluidics and biotech-
nology. However, designing 3D acoustic metamaterials presents significant chal-
lenges, including increased structural complexity and fabrication difficulties.
Future research could explore advanced manufacturing techniques, such as 3D
printing, to create intricate 3D structures with subwavelength precision. By
addressing these challenges, 3D acoustic wavefront manipulation could open up
new possibilities in medical imaging, underwater communication, and industrial
applications.

4. Robustness and environmental adaptability. Enhancing the robustness and envi-
ronmental adaptability of acoustic metamaterials is essential for their practical
deployment in real-world applications. Current AAT, AF, and AAF systems
are often sensitive to environmental factors such as temperature, humidity,
and mechanical stress, which can degrade their performance over time. Future
research should focus on developing materials and structures that can withstand
varying environmental conditions while maintaining their acoustic properties.
For example, thermoacoustic metamaterials, which manipulate sound based on
temperature gradients, could be designed to operate reliably in both high and low-
temperature environments. Additionally, self-healing materials could be incor-
porated into acoustic metamaterials to repair damage caused by mechanical
stress or wear. These advancements would make acoustic devices more reli-
able for outdoor and industrial applications, such as directional sound transmis-
sion in harsh environments or underwater acoustic communication in varying
ocean conditions. Furthermore, robust and adaptable acoustic metamaterials
could improve the longevity and performance of medical ultrasound devices,
reducing the need for frequent maintenance or replacement. By addressing
these challenges, researchers can create acoustic metamaterials that are not only
highly effective but also durable and adaptable to a wide range of environmental
conditions.

5. Multi-functional acoustic devices. The development of multi-functional acoustic
devices that combine AAT, AF, and AAF capabilities in a single system is a
promising future direction. Currently, most acoustic metamaterials are designed
for a single function, such as focusing sound or blocking it in one direction.
However, many real-world applications require devices that can perform multiple
tasks simultaneously. For example, a multi-functional acoustic device could focus
sound in one direction while blocking it in another, making it ideal for applications
like medical ultrasound therapy, where precise sound focusing and isolation are
both critical. Similarly, in architectural acoustics, multi-functional devices could
provide both soundproofing and directional sound transmission, improving the
acoustic environment in buildings. The challenge lies in designing structures that
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can achieve multiple acoustic effects without compromising performance. Future
research could explore the use of hybrid metamaterials, which combine different
types of acoustic structures to achieve multi-functionality. Additionally, advanced
optimization techniques could be used to balance the trade-offs between different
functions, ensuring that the device performs well in all desired applications. By
developing multi-functional acoustic devices, researchers can simplify the design
of acoustic systems, reduce costs, and expand their practical applications in fields
like medical ultrasound, communication, and noise control.

6. Machine learning and optimization for design. Leveraging machine learning and
optimization algorithms to accelerate the design and optimization of AAT, AF,
and AAF systems is a key future direction. Designing acoustic metamaterials
with complex structures often requires extensive trial and error, which is time-
consuming and computationally expensive. Machine learning algorithms can
analyze large datasets of acoustic properties and structural parameters, identi-
fying optimal designs more efficiently than traditional methods. For example,
machine learning could be used to predict the performance of different metama-
terial configurations, allowing researchers to quickly identify the most promising
designs for further testing. Additionally, optimization algorithms can fine-tune
structural parameters to achieve specific acoustic effects, such as broadband
focusing or asymmetric transmission. These tools could significantly reduce the
time and cost of developing advanced acoustic metamaterials, enabling rapid
prototyping and innovation in the field. Furthermore, machine learning could be
used to explore new design possibilities that may not be immediately apparent
through conventional methods. By integrating machine learning and optimiza-
tion into the design process, researchers can create more efficient and effective
acoustic devices, paving the way for new applications in medicine, communica-
tion, and energy harvesting. This approach could also facilitate the development
of customized acoustic solutions for specific applications, further expanding the
potential of acoustic metamaterials.

10.3 Conclusion and Outlook

In conclusion, this monograph provides a comprehensive overview of the current
state of research in acoustic metamaterials, highlighting their potential to revolu-
tionize the field of acoustics. The key findings and contributions presented in this
book demonstrate the ability of acoustic metamaterials to manipulate sound waves
in innovative ways, enabling new applications in medical ultrasound, nondestructive
testing, acoustic communication, and more. However, significant challenges remain,
and further research is needed to fully realize the potential of these materials. By
addressing these challenges and exploring new directions, the field of acoustic meta-
materials can continue to evolve, offering innovative solutions to longstanding prob-
lems in acoustics and beyond. The future of acoustic metamaterials is bright, and the
possibilities for new discoveries and applications are vast.
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