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Abstract

Non-resonant Barrier—Penetrating
Ultrasonic Metamaterial

Gihyun Kim
Depart of Mechanical Engineering
The Graduate School

Seoul National University

The intrinsic reduction in wave transmission caused by the
reflection when a barrier intercepts the propagation path has long
constrained the application of elastic ultrasound. This study
presents a pioneering metamaterial design to enable the full
transmission of elastic ultrasound waves across barriers. Through
mathematical analysis and physical interpretation of the
phenomenon of fully transmitting waves across the barrier, we
confirm the possibility of implementing this phenomenon through
the design of a non—resonant metamaterial. We also ascertain and
explain the theoretical prerequisites a non—resonant metamaterial
designed for barrier penetration should fulfill. This understanding
subsequently guides the design of a metamaterial that meets these
stipulated conditions. The efficiency of the proposed metamaterial
is substantiated both numerically via finite element method —based
simulations and experimentally via ultrasonic experiments in the

aluminum—water—aluminum system. Our findings open a vista for
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advancements in fields such as non—destructive testing across
barriers and in the development of medical devices, including brain
ultrasound systems, underscoring the pragmatic implications of our

research.

Keyword : Ultrasonic waves, Elastic metamaterials, Barrier—
penetrating full transmission, Fabry—Perot resonance, Impedance
matching
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Chapter 1. Introduction

1.1. Research motivation

The utilization of metamaterials for wave control has seen
increasing implementation in diverse applications, ranging from
lenses and antennas to non—destructive testing and medical devices
[1—11]. The transmission of high—energy waves to target points is
an essential aspect of these wave—based applications, whether
electromagnetic or elastic waves. Elastic waves have been
attracting attention because they are harmless to the human body,
portable, easy to use, and affordable. They are used in a variety of
applications, such as measuring the flow inside pipes using
ultrasound [12—14], detecting defects inside structures made of
materials difficult for electromagnetic waves to penetrate [15—17],
and in medical treatment and diagnosis [18—21]. These
technologies utilizing elastic waves are often used for inspection
and diagnosis purposes, but a fundamental problem limits the
application of existing technologies.

Reflected waves generated from a highly impedance —mismatched
barrier cause a significant reduction in the transmission of
ultrasound through the barrier. This reduction in transmittance has
been a persistent limitation of the efficacy of ultrasonic equipment.
Figure 1.1(a) is a schematic that well illustrates this phenomenon,
showing that wave reflection can be a significant constraint on

performance when a barrier is located along the wave path.



Various research has been carried out to compensate for such
losses and preserve the functionality of ultrasonic equipment.
Research on impedance matching aims to overcome impedance
mismatches at the boundary of ultrasound generators and transmit
more energy across the interfaces of different media. In ultrasound
flowmeters, longitudinal—to—transverse wave mode conversion
technology has successfully been used to transmit much higher
energy waves beyond barriers. In the case of transcranial
ultrasound research, there are studies on signal processing to
restore lost signals and maximize the focus of penetrated
ultrasound energy. However, this research does not primarily aim
to overcome barriers directly and fully preserve penetrating waves.
Not only these circumventive techniques but also solutions that
fundamentally overcome barriers and increase transmission rates
have been discussed. The Fabry—Pérot resonance (FPR) has been
generally used as a solution to this issue, although it only enables
full penetration when the frequency—barrier thickness aligns with a
particular value [22]. As an alternative, the employment of
complementary material (CM) has been proposed as a means to
theoretically cancel out the barrier, facilitating full ultrasound
penetration devoid of any reflection [23]. However, the deployment
of a complementary metamaterial layer (CML)s mandates the use of
highly sensitive, locally resonant structures, which have proven
challenging to actualize experimentally [24]. The use of these
sensitive locally resonant structures in CML is to meet the negative

phase change required conceptually for canceling out the barriers.
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The sensitivity of locally resonant structures has prohibited
experimental implementation by changing the local resonance
frequency even with minute errors and losing its function. Some
have also overcome lossy barriers using non—Hermitian CMM [25].
In the case of non—Hermitian systems, it seems more work 1is
needed to utilize them in practical implementation as they use
complex loss—gain systems. In recent years, there has been a
surge of research focusing on applying non—resonant metamaterials
for elastic ultrasonic wave control, aiming to overcome the
constraints associated with locally resonant metamaterials [26—28].

There is a necessity for research on the physical phenomena that
can fundamentally improve the efficiency of barrier penetration by
adopting the benefits of such non—resonant systems and practical

systems that can realize these phenomena.

1.2. Purpose of Research

As shown in Figure 1.1(b), our goal is to develop a system that
suppresses unwanted reflections by inserting metamaterials in front
of a barrier, thus achieving full wave penetration across the barrier.
In this research, we propose non-—locally resonant elastic
metamaterials that facilitate the full transmission of elastic
ultrasound waves through barriers, as shown in Figure 1.2. We
establish the theoretical prerequisites for the properties of a
metamaterial layer to enable full elastic wave penetration and

actualize a metamaterial layer adhering to these prerequisites in the
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form of a non—resonant elastic metamaterial bearing an X—shaped
microstructure. Our investigation reveals that the employment of
non—resonant elastic metamaterials with X—shaped microstructures
not only enables full ultrasound penetration through high impedance
mismatched barriers but also demonstrates augmented robustness
and broader bandwidth compared to those actualized using locally
resonant structures. The effectiveness of the proposed
metamaterials is validated through finite element method (FEM)

simulations and experiments.
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Chapter 2. Theoretical background

2.1. Underlying physics of barrier penetration

In this chapter, we explore the fundamental physical phenomena
that enable barrier penetration. Figure 1.1 shows a basic schematic
of the physical phenomena of barrier penetration. The material of
the barrier can exist in various states, regardless of its physical
phase. Notably, under highly impedance mismatch conditions where
there's a significant difference between the impedance of the
background medium and the barrier, the transmission rate of the
wave can be diminished extremely low. We can surmise that a
metamaterial layer might require different physical properties
depending on the characteristics of a barrier. We analyze the
phenomena that overcome the various factors that hinder barrier
penetration and allow the wave to fully transmit across the barrier.
In this analysis process, we define the wave used as a typical
elastic wave and consider longitudinal waves propagating within
elastic media.

First, we express the waves propagating in the metamaterial
layer and barrier as a transfer matrix. When establishing the
transfer matrix, we need to consider the field continuity for the
boundary condition, which can be expressed as Equation (2.1), at

interfaces such as x=-d,,, x=0, and X=d; in Figure 1.1 where

the composing materials differ.



{VL}:{VR} (2.1)
I:L I:R

where Vv denotes velocity, F denotes force, subscript L
denotes the left side of the boundary condition, and subscript R
denotes the right side of the boundary condition.

Taking into account the wave propagation inside each layer, the
transfer matrix for the barrier and metamaterial can be expressed

as Equations (2.2) and (2.3).

T,=M,N, M (2.2)
Ty ZMBNBM; (2.3)
With
M. = 1 1
M _ZM ZM
1 1

M; =

LZB ZJ

oty 0
NM:{ 0 eikMdM:|

where Z denotes the mechanical impedance of materials, K
denotes the wavenumber, d denotes the length of each layer that
wave travels, subscript M denotes the metamaterial, and subscript
B denotes the barrier.

We implement a scattering matrix method, which is an efficient
tool to evaluate the dynamic harmonic responses and thus the wave
characteristics of the whole wave propagating system [29]. The

wave propagating system using scattering parameters can be
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expressed as Equation (2.4)

Te™e! | S, S, |[1] [1
{ 0 }—Lﬂ s, || R =S|, (2.4)

where T denotes the transmission coefficient, and R denotes
the reflection coefficient.

A scattering matrix S for elastic waves is defined in terms of
the relationships between the incoming and scattered wave fields.
The scattering matrix using a transfer matrix and considering
boundary conditions with background medium can be expressed as

Equation (2.5).

S=MLT, T, M., (2.5)

om o] L1
wit B _ZBG ZBG

where subscript BG denotes the background medium.

By substituting Equations (2.2) and (2.3) into Equation (2.5),
we are able to derive individual scattering parameters (S—
parameters), which are expressed in terms of the constitutive
variables of the metamaterials, barriers, and background materials.

From Equation (2.4), we can calculate both the reflection and
the transmission coefficients. Considering the non—reflective
condition to these coefficients, we can derive the requisite physical
conditions for achieving full transmission as

sin(dBkB)sin(deL)[%—%j:O (2.6)

L B

Sin(dBkB)COS(deL)[%—ZZ—B}cos(dBkB)sin(deL)(zzﬁ_iJ:o

B BG L Z BG
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(2.7)

These equations are identically satisfied if the following
relations hold two conditions expressed as Equations (2.8) and
(2.9).

Zy,=24, (2.8)
kydy +k d, =nz  (n:integer) (2.9)

These prescribed physical conditions describe the mechanisms
of barrier penetration. To facilitate full transmission through a
barrier located between background media, the metamaterial should
have the "same impedance" concurrent with the barrier. In contrast,
the summative phase changes associated with both the metamaterial
and the barrier must be a "multiple of #". This suggests that the
metamaterial and the barrier must emulate the dynamics of a single
entity executing Fabry—Pérot resonance.

In a previous study using CML, they dealt with the case where
N=0 in Equation (2.9). In this study, we consider the
n = positive integer case to circumvent the implementation of
negative properties that led to limitations in the previous study.
Here, the analysis implies that the barrier transmission phenomenon
can be realized not only from layers with negative phase change,
which is required in conventional CM but also from layers with
positive phase change. Therefore, it demonstrates the possibility of
full barrier penetration by designing metamaterials that satisfy

properties with positive phase changes.
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2.2. Material properties for barrier penetration

The metamaterial, situated in front of the barrier, enacts the
previously delineated physics, ameliorating the issue of diminished
transmittance consequential to a high impedance mismatched
barrier. The properties of metamaterials can be determined when
the material comprising the barrier and the background material is
specified. We assume a barrier and background material to
determine the material properties that a metamaterial layer should
have in a practical barrier transmission situation. In this case, each
component material is a homogeneous and isotropic material without
any scattering substance, and the frequency is considered to be
100kHz.

Without loss of generality, we have defined the background

material and the barrier as aluminum ( p=2700 [kg/m’] ,
C,, =102.234 [GPa] ) and water ( p=997 [kg/m®], c=1500 [m/s]),

respectively. The reason for choosing these materials is to highlight
the effectiveness of barrier—penetrating with a non—resonant
metamaterial layer by creating an extreme impedance difference. In
addition, the degradation of transmission efficiency at solid—fluid
interfaces is a challenging problem, yet it often occurs in real—
world cases [30—32]. The impedance difference between the
background medium and the barrier in the case assumed in this
paper 1s about 11 times, which is caused by the difference in wave
propagation velocity and density difference resulting from the
difference in material properties of metallic solid and fluid. The

11 A L1



barrier thickness (dz=33.75mm ) was defined at the anti—FPR

length to block wave propagation beyond it effectively. As shown in
Figure 2.1, the wave penetration efficiency before the insertion of
the metamaterial layer in this high impedance mismatch system is
very low, at about 3—4%.

With all predeterminants defined for the background material
and barrier, we can determine the density and stiffness of the
metamaterial required to implement the full penetration physics as

shown in Equations (2.10) and (2.11), respectively.
o =Zuky /@ (2.10)
CYl =2,wlk, (2.11)
A noteworthy point to consider is the length (d, ) of the

metamaterial in the direction of wave propagation. As delineated in
Equations (2.10) and (2.11), given that the properties of the barrier
(such as its thickness and material) are predetermined, the only
free wvariable is the thickness of the metamaterial. Recalling
Equation (2.9), it indicates that the wavenumber of the

metamaterial layer (K, ) is functionally dependent on the thickness

of the metamaterial. This suggests that the density and stiffness of
the metamaterial for full barrier penetration can be expressed as a
function of the metamaterial thickness, as shown in Figure 2.2. This
indicates that the thickness of the metamaterial can be designed

independently, and the prerequisites to be satisfied (p,,, C}Y) vary

congruently with the thickness of the metamaterial. This provides a

rigid theoretical basis for the idea that we can freely set the
12 A = TH
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dimensions of the metamaterial we need. This topic will be further
discussed in Chapter 3.1. Equation (2.9) also implies a relationship
between the phase change inside the metamaterial and the
metamaterial properties. Adjusting the value that determines the
degree of phase change inside the metamaterial will change the
properties that the metamaterial should have. Therefore, as shown
in Figure 2.2, if the value that the metamaterial must meet for a
particular phase change is extremely large or small at a certain
length, it can provide efficient ways of avoiding it. In conclusion, the
theoretically validated factors that can determine the properties of
these metamaterials facilitate their design to an appropriate size and
facile properties, representing controllable variables for designers.
This signifies that they have the potential to enhance the feasibility
of realizing a barrier full penetrating system.

To verify the effectiveness of our designed system, we
performed a mathematical verification using the obtained properties.
The effective properties of the metamaterial layer are
0 =534.107 [kg/m®], C,, =4.187 [Gpa] and d,, =7 [mm]. Figure 2.3
mathematically compares the amplitude transmittance where the
designed metamaterial is inserted and where there is only a barrier
without metamaterial. A transmittance enhancement of about 559%
in amplitude (about 3124% in energy) is observed when the
metamaterial 1s in front of the barrier compared to no metamaterial.
This aligns with the results of the effective property simulation

using the FEM, as shown in Figure 2.4. Performing FEM by
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replacing the metamaterial layer with the effective material, we
found that the energy transmittance enhancement is about 3136%,
with a very small error (0.384%) from the mathematical analysis.
This confirms that the metamaterial material for barrier penetration

we explored can work well in practice.
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Barrier

}

Background
medium

Fig. 2.1. Divergence field (V-u) of waves traveling towards a
barrier in a high impedance mismatched system. The background
medium is aluminum, and the barrier is water with a thickness of

33.75mm.
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Fig. 2.2. Mass density and stiffness of the proposed metamaterials

as a function of the thickness of the metamaterial.
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Transmission coefficients

95 100 105
Frequency (kHz)

Fig. 2.3. Transmission coefficients without (blue) and with (red)

the proposed metamaterial.
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Without metamaterial

With metamaterial

Metamaterial layer

Fig. 2.4. Transmission efficiency comparison between a barrier—
only case and a case using a metamaterial characterized by

effective properties.
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Chapter 3. Design of barrier penetrating
metamaterials

3.1. Metamaterial modeling

As explored in the previous chapter, the properties required for
complete barrier penetration can be satisfied by selecting
appropriate materials and dimensional design. However, materials
with these properties are unlikely to be found in nature. Therefore,
we design a metamaterial with properties that enable barrier
penetration at a specific length determined by the designer. This
would be the most effective method as it allows for the precise
implementation of more perfect barrier penetration properties in
actual systems.

Metamaterials are artificially engineered materials that exhibit
physical properties not observed in nature. They are composed of
periodically arranged structures that can flexibly manipulate the
behavior of waves based on their characteristics and the pattern of
their arrangement [33]. Well—designed metamaterials can even be
made to have their properties from a monolayer of structures alone,
without the need for a repetitive arrangement of structures [34].
Based on these advantages, various studies dealing with waves
have utilized metamaterials as a key tool. The design of these
metamaterials is mainly done at the sub—wavelength scale because
it makes metamaterials can interact with waves of a specific
frequency and exhibit unique properties. Metamaterials with sub—

wavelength unit structures do not allow waves to individually detect
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each constituent element, thus allowing these structures to be
perceived as a single continuous medium. This principle can confer
characteristics not observed in natural materials, so this paper deals
with the design of metamaterials at a sub—wavelength scale.

Another factor to consider in the design of metamaterial’s
structure is whether it is resonant or non—resonant. Metamaterials
with a resonant structure can exhibit extraordinary properties by
resonating at a specific frequency [b, 24]. This is because the
structure of the metamaterial is designed to resonate at a specific
frequency, which allows resonant metamaterials to maximize
system response or to implement unique phenomena such as
negative properties. But they have relatively large, complex unit
structures and are highly sensitive to dimensional errors. In
addition, they generally have a narrow bandwidth due to their
resonant characteristics.

On the other hand, non—resonant metamaterials can be
designed to have relatively simple and small unit structures.
Although there are limitations in implementing special phenomena
such as extreme or negative properties, they can design a relatively
robust system against bandwidth and dimensional errors. In this
paper, we take advantage of these non—resonant metamaterials by
not requiring special situations such as negative or extreme
properties. We chose the X—shaped unit structure, as shown in
Figure 3.1, which has a simple geometry but allows us to realize
various properties and features. Such structures have been used

before in studies to control electromagnetic waves [35,36]. This
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structure not only solves the disadvantages of locally resonant
structures in the elastic wave regime but also enables barrier
penetration of waves by satisfying the conditions expressed in
Equations (2.8) and (2.9) by realizing the respective effective
material properties described in Equations (2.10) and (2.11) with
only a monolayer arrangement.

Fundamentally, the base material composing the metamaterial is
not restricted and can be a variety of materials. In this study, we
chose aluminum as the base material to form the metamaterial,
considering the machinability of the structure and the ease of
experimentation without loss of generality. The unit structure is
processed to have voids in this base material. Through these
mechanical processing methods, the metamaterial layer can be

given unique properties at the target frequency we want.

3.2. Optimization formulation and results

By modeling the metamaterial's unit structure, we specify
variables for the geometry and track the optimal values for these
variables to embody the physics of barrier penetration.
Computational simulation i1s used in the optimization process to
obtain optimal values from the complex structure of the
metamaterial and the responses that result from it. The geometry of
the metamaterial determined through these optimization results will
be an efficient structure for barrier penetration.

In the process of optimizing the metamaterial, all prerequisites

21 ] 2-1



are the same as those discussed previously. The thickness of the
metamaterial layer, which can be determined by the designer's
intention or any actual needs, was randomly determined to be 5mm,
7mm, and 9mm, respectively, on a scale smaller than the
wavelength to verify that the flexibility of the design is feasible.
The dimension in the y-—direction of the metamaterial 1is
consistently retained at 7 mm. As shown in Figure 3.1, the
geometric parameters in the X—shaped structure are defined as the
line length |, the line edge radius r, and the angle orientation 8.
The compact quantity of geometric variables in the unit cell
structure significantly accelerates these design processes, offering
an advantage concerning the requisite resources and temporal
investment. The diverse metamaterials utilized in the case studies
presented in this research were all predicated on an X—shaped unit
cell structure with identical design parameters. The design process
was conducted through optimization, employing the Method of
Moving Asymptotes (MMA) algorithm. The design parameters were
optimized by constructing an objective function to suppress
reflections and unwanted modes. COMSOL Multiphysics 5.3 was
used as the numerical solution tool for the optimization process.

The design of the metamaterial unit structure with each
parameter value applied is shown in Figure 3.2. The parameter
values of the optimized metamaterial are shown in Table 3.1, and
the optimization results have successfully converged to full barrier
penetration at all three target thicknesses. Although each has

different values depending on the thickness, they prove that it is
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possible to design with the same shape and parameters. This
suggests that the proposed optimization method can be employed to
design barrier—penetrating metamaterials of varying thicknesses,
frequencies, and material compositions. This structural idiosyncrasy
and parameterization ensure ample design flexibility, even under
case study conditions featuring an impedance mismatch
approximately 11 times. This significant deviation would ordinarily

precipitate a substantial decline in wave transmission efficiency.
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Fig. 3.1. Schematic of a metamaterial layer with a modeled X-—

shaped unit structure. The total of 5 unit cell decision variables is

distinguished by three geometric parameters(r, |, ) used for

optimization and two predetermined geometric parameters(L,, L
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7mm
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Fig. 3.2. Unit cell images of shape optimization results for different

x—direction lengths.

25

7mm



L, =5mm
r [mm] 3.9626
[, [mm] 1.4581
6, [deg] 43.1678
L, =7mm
ry [mm] 4.8684
I, [mm] 2.0879
6, [deg] 29.8540
L, =9mm
r3 [mm] 5.5610
3 [mm] 3.1500
03 [deg] 21.8978

Table 3.1. Optimized results of geometric parameters of the non—

resonant barrier penetrating metamaterials.
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Chapter 4. Validation

4.1. FEM simulation results and analysis

To confirm whether the design determined through shape
optimization works well, we conducted verification through FEM
simulation. COMSOL Multiphysics 5.3 was used as a numerical
analysis tool for verification. Through this verification, we
meticulously analyze the response characteristics of the
metamaterial we have designed and confirm how well it implements
the barrier penetration physics proposed in the theoretical analysis.

Here, we simulated a harmonic wave in the frequency domain.
As shown in Figure 4.1. (a), the transmittance is observed to be
less than 18% when only a barrier is present. However, upon the
application of metamaterials of varying thicknesses, as shown in
Figure 4.1. (b), (¢) and (d) the transmittance surges beyond 99%.
The only difference in the design process across each metamaterial
is the thickness of the unit cell. This attests to the possibility of
designing metamaterials with various thicknesses, each satisfying
the essential physical conditions for achieving full transmittance,
given 1dentical design conditions. This infers a broad versatility,
permitting design flexibility with respect to any thickness
contingent on the particular requirements of a given situation. As
shown in Figure 4.2, the frequency sweep of the designed
metamaterials corresponds well with theoretical calculation and

exhibits a consistent trend irrespective of thickness wvariations.
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Figure 4.3 shows the response to the angle of incidence, suggesting
that the engineered metamaterials possess substantial robustness
with respect to variations in the angle of incidence. A high
transmittance is observed across the entirety of the range of
incident angles when the metamaterial is deployed, with a
practically assured high transmittance within the typically utilized
incident angle range of 0—30 degrees. These results demonstrate
that the metamaterials consistently adhere to the antecedently
deduced theoretical properties. Furthermore, they indicate that
their performance can be sustained consistently, accommodating
design flexibility to the thickness variations.

When determining the type of metamaterial, we chose a non—
resonant structure to ensure the system's robustness. The
robustness of such a system takes a role in suppressing factors that
hindered experimental implementation in studies using CML [24].
To ensure that we have faithfully achieved this purpose, we
compare the simulation results of the previous study with the
simulation results of this study. Figure 4.4 shows the simulation
results of barrier penetration at the target frequency when using
CML and when using the non—resonant metamaterial. When the
target frequency matches exactly, both CML and the proposed non—
resonant metamaterial layer can observe that barrier penetration is
successfully accomplished. Figure 4.5 shows the simulation results
of barrier penetration when a wave of frequency deviating from the
target frequency is incident when using CML and the non—resonant

metamaterial. Even with a frequency offset of about 1kHz, CML
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totally loses its function, whereas the proposed metamaterial was
able to maintain over 80% transmission performance for amplitude.
Figure 4.6 analyzes the frequency response corresponding to the
frequency offset for these two metamaterials, showing the narrow
bandwidth of the CML and the relatively wide bandwidth of the
proposed non—resonant metamaterial. From these results, it can be
confirmed that the proposed metamaterial has robustness against
frequency by securing a wider bandwidth than CML, making
practical implementation possible. This analysis can be extended to

the incident angle and geometric error.

4.2. Experimental validation

We conducted wave transmission experiments to verify the full
wave penetration across the barrier, using the conditions depicted
in the numerical simulations. Among the various metamaterials
designed, we chose a 7 mm thick metamaterial design. The
metamaterial was precisely engineered onto a 150 mm thick
aluminum block, as shown in Figure 4.7. Piezoceramic transducers,
situated at both ends of the block with a cross—section of
150x150mm, functioned as emitters of the incident L—wave and
detectors of the transmitted L—wave, respectively. The wave
originating from the transmitter was incident vertically and, after
penetrating the barrier (water), was measured at the sensor. These
experimental systems are shown in Figure 4.7. Measurements were

executed at the target frequency of 100 kHz and within a range of
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+5 kHz, progressing in intervals of 0.5 kHz. The data acquired, as
shown in Figure 4.8, indicate that the application of a barrier—
penetrating metamaterial amplified the maximum displacement
amplitude of the transmitted L—wave at the target frequency by
approximately 2.7 times relative to scenarios without the
metamaterial. The frequency sweep response, shown in Figure 4.9,
overlays the FEM simulation results with experimental data,
considering the experimental conditions. The amplification ratio was
calculated by dividing the amplitude observed with the metamaterial
by the amplitude measured without it. As indicated in the simulation
and experimental results, the amplification ratios exhibit a similar
trend, implying the successful realization of the metamaterial
designed according to the proposed theory. The experimental
validation confirms that the fabricated metamaterials can
substantially enhance the transmittance of waves penetrating

barriers.
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Fig. 4.1. Numerical simulation results (a) without metamaterials
(only barrier) and with (b) 5mm, (c) 7mm, and (d) 9mm—thickness

metamaterials.
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Fig. 4.2. Frequency response performance of the designed
metamaterials. The solid line represents the theoretically calculated
values, and the green (bmm), red (7mm), and yellow (9mm) circles
indicate the performance of the designed metamaterials for each

respective length.
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(a)

CML — ¢ barrier (water)

(b)

non-resonant metamaterial — barrier (water)

Fig. 4.4. Comparison of performance between CML and the
proposed non—resonant metamaterial at each target frequency. (a)
Barrier penetration at CML's target frequency of 55kHz. (b) Barrier
penetration at the non—resonant metamaterial's target frequency of

100kHz.

34 2 M E g



(a)
CML — i barrier (water)

-
B
=

ploagr g

{
{
{
|
!
!
{
|

(b)

non-resonant metamaterial — barrier (water)

Fig. 4.5. Comparison of performance between CML and the

proposed non—resonant metamaterial at offset frequencies. (a)
Barrier penetration at 54kHz (1kHz offset) for CML. (b) Barrier
penetration at 99kHz (1kHz offset) for the non—resonant

metamaterial.
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Fig. 4.6. Frequency sweep centered around the target frequency for
the proposed non—resonant metamaterial (red), CML (magenta),

and the case with only the barrier (blue).
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Fig. 4.7. Experimental setup with top view 1mage of a test
aluminum—water—aluminum block system including the barrier

penetrating metamaterial.
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Fig. 4.9. Amplitude amplification with respect to the frequency. The

numerical simulation results are indicated by lines, and

experimental results are indicated by circles.
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Chapter 5. Conclusion

Our study demonstrates that the insertion of a non—resonant
barrier —penetrating metamaterial facilitates the flawless
transmission of elastic waves incident on the barrier. We have
ascertained the physical phenomena requisite for barrier
penetration and the properties of metamaterials that enable full
transmissions. The metamaterials with these specific properties
were designed and subsequently validated through numerical
simulations and experimentally. Moreover, we found that the
proposed barrier penetration system using metamaterial layers is
more robust to errors such as frequency and angle of incidence than
previous studies using CML. This research has proved that the
practical use of metamaterials for barrier penetration can be
achieved by circumventing the experimental implementation
challenges due to locally resonant structures in metamaterials and
utilizing non—resonant structures instead. Additionally, we have
demonstrated that the metamaterials enabling this process can be
flexibly designed over a broad range of sizes while maintaining
consistent performance. We anticipate that our findings will have a
significant impact on industrial and medical applications where the
transmission of high energy is critical. Our study focused on the
case where the background medium is single; future research could
explore the design of metamaterials for barrier penetration in cases
involving dissimilar media.
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