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ABSTRACT

Effective Impedance-Controlled Elastic
M etamaterialsfor Emission Enhancement
of Omnidirectional Shear-Horizontal Waves

Hong Jae Kim
Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

This dissertation aims to investigate practicahtegues to significantly enhance the
emission of omnidirectional shear horizontal waweurses, and to provide
background physics and design methods for elasetammterials. Since the
intensity of ultrasonic wave is directly relatedttl® inspection accuracy, various
approaches have been studied to improve the peafarenof ultrasonic wave
transducers. In particular, the intensity of an w@linactional ultrasonic transducer
that can effectively respond to a wide inspectemge decreases in the propagation
direction due to its unique physical features, Hert raising the necessity.
Additionally, while the shear horizontal wave motlas its advantages, it is
challenging to secure high intensity. However, #xgsstudies have been developed

limited to the internal design of ultrasonic wavansducers, so the expected



intensity is limited considering a practical apgtion.

This study proposes a non-destructive method taclatlh metamaterial to the
inspection object around the transducer to sigaifily enhance the emission of
ultrasonic waves regardless of the transducegsriat design.

First, the metamaterial ring is designed as a ssof segmented mass and springs
to cause two physical principles: 1) low impedaaneironment and 2) Fabry-Perot
resonance phenomenon. By interpreting the mechamutchanism of the
metamaterial ring and the equivalent system homagdmwith an effective medium,
we explain the emission enhancement of ultrasoaies. The transducer generates
ultrasonic waves with larger output in a low impeckenvironment and overcomes
the low transmission problem due to the impedarntference generated at the
boundary through the Fabry-Perot resonance phermmé&m the other hand, when
performing a non-destructive test, it is necessargonsider the sensitivity of the
metamaterial to the input cycles in that a shoriogeof signal is preferred for
inspection accuracy. In response, this study pregp@s metamaterial superstrate
capable of increasing the impedance of the loed.arhe physical phenomenon is
identified using the newly defined transfer mataixd scattering matrix, and the
necessary properties are investigated. The sugkrstauses partial reflection and
transmission of ultrasonic waves by generating apee differences, which
significantly enhance the wave emission by onlyrdt® of impedance differences
under the geometric conditions forming the FabrgePeavity. In addition, the

superstrate structure, designed as a non-resomgmeeis relatively insensitive to



the number of cycles, so it is very practical. Pheposed elastic metamaterials are
expected to have high potential to the field of-destructive testing using ultrasonic

waves that require power enhancement.

Keywords: Elastic metamaterial, Emisson enhancement, Omnidirectional

shear horizontal wave, Effective impedance, Fabry-Perot cavity
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CHAPTER 1.
INTRODUCTION

1.1 Motivation

As interest in non-destructive testing to invesegthe safety and reliability of
structures increases, the importance of ultrasoesearch used for non-destructive
testing is being emphasized. Here, the chronicireauent is to generate high power
ultrasound. The power of waves is a key problerhdbtermines the accuracy of the
inspection and the test performance, such as ogeenasolution, and power
consumption dominantly. In addition, an omnidirentil transducer is used to
effectively examine a large-scale test object, Whauires higher power due to the
problem of limited inspection range and performadue to the inherent physical
features of reducing intensity through radiatioar is reason, humerous studies
have been conducted on the development of ultrasmmsducers, and a variety of
design principles and methods have been proposadever, there is an obvious
limitation in that the methods are exclusive toretarm of transducer or increase

the complexity of the design. To address this ahlone aims to provide a practical



alternative approach to overcome the low powerlprof the ultrasonic transducer
through impedance modulation and conforming a F&ampt resonance cavity
utilizing the concept of metamaterials.

Recently, metamaterials have been investigatedvémious purposes, as their
artificially designed structures enable attainingeasible physical properties and
wave manipulation with existing materials. In gexlemetamaterial structures
designed in a two-dimensional plane have attraittednost attention, and designs
based on phononic crystals or resonance struchaes been mainly discussed.
However, this strategy is unsuitable for a prattaaplication, non-destructive
testing, because it requires destructive processitg the object. In contrast,
metamaterials, such as pillars, auxetic, kirigaegpnator, and superstrate structures,
designed in out-of-plane design spaces, have a hugsibility of practical
usefulness. These metamaterial design methods Inaaaly responded to
unidirectional propagation problems, and no rese&ias yet been conducted on
methodologies that can implement wave emissionrez@rmaents or directly change
impedance in omnidirectional problem conditions.

In this work, one proposes a novel metamaterialdha highly enhance the emission
of omnidirectional shear horizontal waves by atiagha simple, transducer-
independent structure to the object. The functfaeash metamaterial is to modulate
impedance, which is a representative physical ptppsonsidered in the elastic
domain. By controlling the impedance of a spec#igion, the amplitude of the wave

generated by transducer is increased, but so deémpedance mismatch. However,



When the newly revealed special Fabry-Perot resmnaconditions for
omnidirectional waves are satisfied, metamateral form a Fabry-Perot resonance

cavity inside, and a high gain of enhanced emissioadio sources can be expected.

1.2 Resear ch objectives

This work aims to enhance the emission of omnitiimaal shear horizontal waves,
and ultimately presents practical techniques tarawg the performance of various
ultrasonic applications, including nondestructivesting and structural health
monitoring. Despite the practical usefulness of wiinactional propagation waves,

the development of various types of elastic metari@s has been studied focusing
on unidirectional propagation wave problems bec#usghysical interpretation of

omnidirectional propagation waves expressed in ¢exnforms such as Bessel
functions is difficult. Throughout this thesis, odedicated to establish the solid
theoretical analysis and find out the clear desigithodologies of high gain elastic
metamaterials.

In this dissertation, two types of elastic metamale designed with different

physical interpretations are suggested. One is @mmaderial ring based on the
resonator structure designed on a subwavelengté, sghich lowers the effective

impedance of the surrounding area and enhances evaigsion at the Fabry-Perot

resonance frequency. To comprehend the wave pheragriveo analytical models:



1) mechanical behavior of structures segmented hgsnand rigidity, and 2)

equivalent systems replaced by special effectivelinome are investigated. The
design of metamaterials is determined by two designables matching to a

theoretical model. The realized resonator structurdeed, enhance the wave
emission. Next, an elastic metamaterial supersttesggned in a wavelength scale
is developed to increase the local impedance amd #éoFabry-Perot cavity inside,
resulting in wave emission enhancement. In thig, panewly proposed theoretical
model with an effective medium is analyzed and iexfy reveals the conditions for

Fabry-Perot resonance and the achievable gainowdialy the analysis, a non-
resonant design of a structure with the requiréecate property value is devised,
and the corresponding response is confirmed. Kindfle effectiveness and
performance of each metamaterial are evaluatedighrdransient analysis and

experiments in order to assess their applicability.

1.3 Outline of thesis

The thesis is organized as follows.

In <Chapter 2>, the theoretical background of omnidirectional eshkorizontal
waves will be presented. First, to deal with onmeiciinality, the wave equation in
cylindrical coordinates will be reviewed. The galdorms of the displacement,

strain, and stress fields in elastic media arerdmst Next, the analytic model of

4



wave actuation by omnidirectional transducers, n#lgas of types, such as MPT,
EMAT, and PZT, will be discussed. In the last, wi# suggest the description of the
wave motion in a matrix form to effectively analythe generalized wave emission
enhancement theory related to the multiple oveitappf the metamaterials

arrangements.

In <Chapter 3>, the metamaterial ring of resonance structuresabhieve wave
emission enhancement is proposed. The metamatirigls installed around the
wave source and modifies the wave actuation cirtameg. We will explain the
underlying physics with the two different approach€&irst, we investigate the
theoretical system with a discrete mass-spring inddee mechanical behavior of
the meta-ring and the resultant emission modificatvill be analyzed. Next, we
reveal the physical implications of the meta-rilgotgh the equivalent system
substituted with the effective medium. We elucidhimpedance and Fabry-Perot

resonance conditions for achieving the high gaiission enhancement of the waves.

In <Chapter 4>, the non-resonance structure, elastic metamatsuigdrstrate, is

suggested. Superstrate has a simple structureahdteely determine the thickness
of the circular ring shape, which can be installenlind the wave source to amplify
the emission greatly. At first, we newly define tinansfer matrix and scattering
matrix method interpreting the wave emission enbarent phenomenon with the

existence of an effective medium. Based on theipalyfundation, the superstrate



structure realizing desired mechanical propersedetermined by using the unique
nondispersive characteristics of the fundamentaashorizontal wave mode. The
designed superstrate structure carries out the latbalu of the physical features that
locally increase the effective impedance and rdaudt Fabry-Perot cavity inside.

Also, its high performance for short periods ofutpignals, which is an important
factor in practical application, is confirmed. Fhetmore, through the proposed
theoretical analysis, we demonstrate the effecigenof multiple emission

enhancement via the arrangement of superstrates.

In <Chapter 5>, the conclusion of the thesis will be presented..



CHAPTER 2.
Theoretical Background

2.1 Overview

In this chapter, we will review the theoretical kgound for wave physics in the
Cylindrical coordinate system, which differs frohmat in the Cartesian coordinate
system. Since the purpose of this study is to impitbe output of omnidirectional
propagation shear horizontal waves, we will cover theoretical introduction to
analyzing the wave systems shown in Chapters 3 aRuist, we introduce the wave
equation and motion of the omnidirectional sheaiZoatal waves in the Cylindrical
coordinates. Using these wave descriptions, wesaplify the incident, reflected,
and transmitted wave components in elastic medext,Nhe theoretical model
representing the actuating mechanism of the ultiastransducer system is
considered. The simplified model is useful for gnadg the wave systems presented
in Chapters 3 and 4. In the final section, 2.3 ntfagrix form of wave propagation is
reviewed. The matrix form is an efficient tool tlzain explicitly denote incident and

reflected components in each medium and easilylzéreflection, transmission,



and even system gain obtained by the proposedcelastamaterials. Also, the
defined matrix form in section 2.3 will facilitanalyzing the generalized Fabry-

Perot cavity model with multiple arrangements & éffective medium.

2.2 Wavesin acylindrical coordinates

Before we understand the principles of elastic metarials that enhance the
emission of omnidirectional propagation shear loial waves and discuss design
methods, we must first understand the fundamertigbips of omnidirectional
propagation waves defined in the cylindrical conatiés system. In this section, we
will investigate the basic wave equation and treasimorizontal wave motion to be
utilized in the Chapter 3 and 4. Also, we addrédws dctuation modeling of the
transducer and regard the magnitude of the exmitatiave at each frequency as a

constant.

2.2.1 Wave equation and motion

To describe the shear wave motion in a transducgem in Fig. 2.1, the wave

equation is written in terms of the vector potdnija denoted as

2, = 1 0¥ 2.1
oy c? ot? (2.1)

S



where G, denote the phase velocity of the shear wave ieldstic medium andis
time. Considering the lowest shear horizontal medéh an omnidirectional

propagation condition (a/aezo) , the displacement component, in a

cylindrical coordinate systenfr, 8, z) is given by

Y=y.e (2.2)
where l//Z is the only potential considered in this probldihen, substituting Eq2(2) into

Eq. @.1), the former becomes in the form of Bessel's défeial equation:

0w,

CZ

S

— (2.3)

2
_ 1y, _d%, 10y, J{aﬁ rljugzo

cZ ot ar? ror B

under the time-harmonic conditio - @ . angular tre UenC',z 1), W ic
der the time-harmonic conditiof gular frequency;= v=1), which

is omitted throughout the analysis. Therefore,dbletion to the displacemeni,
can be expressed as

U, (r) = AkHY (kr)+BKkH? (kr) (2.4)
and the strain is expressed as

Ho = 5 = e =~ ACHE (1) ~ BKCH () (2.5)

where k denotes the wavenumber. Herel” and H'® represent the Hankel

functions of the first and second kind in orderlaf. In addition, coefficient& and

B denote the amplitudes of the outward and inwangggating waves, respectively.



2.2.2 Simplified model of thetransducer system

Fig. 2(a) shows the schematics of the entire sysfean omnidirectional SHO wave-
generating magnetostrictive patch transducer withega-ring configured in a T-
shaped beam installed on a thin plate. It shoulddted that the beam consisting of
the mass and spring parts functions as an axisynumesonator designed only to
couple with the omnidirectional propagating sheatizontal wave motion. In fact,
the only wave propagating in the plate is the lawaede of the in-plane shear
horizontal wave (SHO) in the frequency of interddt. structures, including the
OSH-MPT, are axisymmetric along the center, ancefbee, the wave motion in the
plate described in cylindrical coordinates can loeleted as a one-dimensional bar,
as depicted in Fig. 2(b). As employed in earlierd&s[18], the wave generation
mechanism of MPT is explained using the pin-enddanodel. With an assumption

that the annular magnetostrictive patch is bondedeptly onto a plate, the

generation of the shear straifj,(f) induced by the tractions at the boundary of the

patch with a size of inner radias = 15 mm and outer radiws = 20 mm can be

expressed as (shown in Appendix A):
Vies (1) =cr, KHY (kr), i=1,2 (2.6)
wherek is the wavenumber7, (i = 1, 2) is the coefficient to denote the magnitude

of the tractions, andC is a constant used to match the dimensions betthedeft

and right sides of Eq. (2.6). By superposing the $&parated displacement sources

10



of the patch in the opposite circumferential dii@tt the total wave source is

modeled as follows:
Viosa (1) = Vioa(r) = Vioa(r) = C(Ta1 - Taz) sz(ll) (kr)2 FtrdH(lj) (k) @7
The transducer-dependent magnitédeis assumed to be given. Eq. (2.7) states that

the actuation generated by the employed transawediguration can be assumed as

a single concentrated source.

2.3 Wave propagation in matrix form

In a radial one-dimensional propagation problemhwaiis-symmetry, we can
represent the shear horizontal displacement fielgds using Eq. (2.4). With the
coefficients of outward and inward going wave comgrt and the wavenumber,

respectively, A,, B, and k, the stress fields can also be calculated aswollo

0,9(r) =-A,kazH (k) - B kazH P (kr) (2.8)
where @ denotes the angular frequency of the wave. Hibwe,parameterz
denotes the impedance of the medium, and for theplate in a thicknesg , we
can describe the mechanical impedanzefor the shear horizontal wave as a
pt\/p—G (o : density, G : shear modulus). Combining Egs. (2.4) and (2l@®)wave

motion in a radial one-dimensional propagation imaastic medium with the

mechanical propertiek and z is transformed to the matrix form of

11



[;9 }:Z(k,Z)H(k,r)[AB’”‘} (2.9)

ré n

Where
u, | A |
o, ] =Z(k,2)H (k,r)_ B, | (2.9b)
u, | Ay |
o, ] =Z(k,2)H (k,r)_ B, | (2.90)

which is similar to the matrix form of a one-dimensl plane wave. By using Egs.
(2.9a-c), we are able to analyze the wave phys$iomaidirectional shear horizontal
wave propagation through the effective medium ia tbspect of the coefficient

relation.

12



thin plate
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] = M wr
() BKH® (kr)

Fig. 2.1 Cylindrical coordinate system used for the analydithe omnidirectional
shear horizontal wave physics.
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CHAPTER 3.
Meta-ring for enhancing emission efficiency of

omnidirectional SH waves

3.1 Overview

The enhancement of transduction efficiency is &acatirequirement for transducer
development. A high transduction efficiency allowansducers to realize high
detection accuracy, expanded inspection coverage, and reduced power consumption;
further, it can be utilized effectively for non-destive testing (NDT) and structural
health monitoring (SHM). With regard to an inspectof a plate like structure, two
types of transducers can be considered, unidirggtiand omnidirectional. The
former is powerful when performing a test in a sfiecdirection, but in a
tomography application, it requires a complicateshsurement process to cover the
full coverage of the angle. In contrast, omnidi@tal transducers can detect a
defect in a wide range of areas efficiently [1, Rbwever, it seriously suffers from
the decreased output power of the emanated waweddwy an inverse square law

attributed to the intrinsic physics of omnidirectidity. Therefore, the necessity for
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research that boosts the output power of omnideat transducers is much more
emphasized.

Meanwhile, three types of waves, such as out-afigolaymmetric [3-6] and
antisymmetric [7-9] modes and in-plane shear hota@omode [10-12] can be
exploited for guided waves in a thin elastic pldlewever, the fundamental shear
horizontal wave mode (SHis preferred because of its unique nondispersive
characteristics [14, 22-27]. The wave dispersialuaes a distortion or attenuation
of the signal as the wave propagates over thendistand time. Furthermore, a lower
distortion from external interfering causes and ighér detection resolution
attributed to a shorter wavelength help to cartyaouaccurate inspection. Therefore,
in-plane shear horizontal waves surpassed theiofeplane counterparts (A and S
modes) in practical advantages.

Several design methods have been considered tdogetre® omnidirectional SH
wave transducers. Firstly, Seung et al. proposedranidirectional SH wave
transducer based on a magnetostrictive effect (iliB¥ing a strategy to match a
wavelength with a patch size and a Lorentz fordé \\ith a uniqgue magnetic circuit.
Following these design methods, considerable wdrase been carried out
depending on the types of transducer, includingnetastrictive patch transducers
(MPT) with optimized magnetic circuits [15, 16] atide arrangement of more
actuating elements [17-19], and electromagnetiastaotransducers (EMAT) with
specific magnet arrays [20, 21] to improve thegdrction efficiency. On the other

hand, Belanger and Bovin designed an omnidirectiShbpiezoelectric transducer
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using six trapezoidal .etmode PZT wafers [22]. After then, OSH-PTs using 12
trapezoidal face-shear PZT elements [23], thickipedsd [24-26] and radially poled
[27] piezoelectric ring designs were developed nbagce the sensitivity in all
directions. In addition, the influence of the prajes [28] and the initial stress [29,
30] on the sensitivity of piezoelectric materialsre/also investigated. However, the
suggested methods are confined to advancemerg aitdrnal design level, which
is incompatible with other types and increases derily, thereby deteriorating the
practical usability. In short, a high-performancempact, and robust form needs to
be developed.

Mechanical metamaterials may show an alternatiyerageh for improving the
transduction efficiency of transducers. Artificiatontrived unit cell structures are
capable of manipulating mechanical constitutive @vproperties into non-existing
values, such as negative density and bulk moduBis4]. Based on these
interesting characteristics, research has beenucted on various applications,
including metasurface [41-47], extraordinary traission [48, 49], and mode
conversion [50-53]. Specifically, some recent stadielated to the technique of
wave collimation for enhancing wave intensity heen reported in acoustics and
elastics. Hur et al. proposed a flat, thin layezpelectric ring array that forms a
phase gradient metasurface for focusing the aaowgtive on achieving high
resolution in water [43]. Lee et al. introducededastic metasurface for focusing in-
plane longitudinal ultrasonic beams based on thetsuctured concept [40]. Cao et

al. proposed an elastic SH wave focusing metasaiftaenhanced sensing [46]. For
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symmetric S, antisymmetric A, and surface Raylemgides in a thin plate, Tian et
al. provided phased diffraction gratings for passivanipulating of focused guided
wave beam to improve the signal to noise ratio$ [47

The Purcell effect [54], which explains the modifion of the spontaneous emission
rate of quantum sources in a resonant cavity by utatidg its surrounding
environment, demonstrated a distinct approach. eSearly discussions of this
phenomenon began in quantum systems [55], subsequoetepts expanded
macroscopically and drew interest in electromagseh6-58], acoustics [59-65],
and elasticity [66-68]. In the acoustic case, Seh@l. proposed double-walled
metamaterial yielding Fabry-Perot resonance for seiph enhancement of
monopole sources [59]. Zhao et al. proposed arp@ofEc structure preserving an
omnidirectional [60] and highly directed to uniditional or bidirectional [61]
radiation with Mie resonance to achieve efficiemission of multiple acoustic
sources. Furthermore, Landi et al. formulated atiaa between an emission power
enhancement and the acoustic density of statesl[&2kt al. provided a rigorous
analytical model to explain enhanced multipole smis of the sound [63]. Mei et
al. proposed ‘LEGO’-type acoustic metamaterial thance the low-frequency
emission power [64]. Lei et al. proposed broadiEmission enhancement with dual
acoustic grating with anisotropic density [65] elasticity, Schmidt et al. showed an
elastic analog of the Purcell effect with spherinahoparticles serving as GHz
antennas to modify the emission of the source [@6yvever, those schemes cannot

be directly applied to the ultrasonic transducersain elastic waveguide carrying
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two lamb wave modes and a shear horizontal waveemBédcently, Kim et al.
proposed the emission enhancement phenomenon miflegtional longitudinal
wave transducer immersed in a near-zero impedangeoament in a Fabry-Perot
resonance using paired resonator [67]. A similapmator structure was also studied
for a flexural wave mode [68]. However, it shoulg directly attached to the MPT
without compatibility with other types, and the @mant physics of the structure was
not secured. Particularly, the physics considerad & one-dimensional, non-
decaying plane wave in a plate does not apply toidinectional waves. Therefore,
the feasibility of the conditions and configurasdior the emission enhancement of
the omnidirectional SH wave transducers remairgigstion.

In this study, we propose a theoretical model fdraacing the emission efficiency
of the omnidirectional SH wave transducers usingestrernally designed single
metamaterial ring (“meta-ring”). To deal with shdwrizontal omnidirectionality,
we simplify the complicated wave physics in cyliiedf coordinates described with
Hankel functions into the analytic system of a diteensional asymmetric problem.
First, we replace the meta-ring with a discretimess-spring model in an analytical
form and rigorously analyze the gain function taferon the boosting phenomena of
the transducer. Then, we interpret an equivalemtaiaf the meta-ring and illustrate
that the enhancement phenomenon can be obtaitieel fasequency forming Fabry-
Perot resonance cavity with a lowered impedanceramwent of the bounded
system on which the transducer is placed. We alpbicély show that a high gain

can be achieved at a Fabry-Perot resonance fregumrarsely proportional to the
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square root of the ratio of the effective impedaheg/zO / Z, ). We determine the

design condition of the meta-ring based on therttaxal model to select the gain
considering the tradeoff with bandwidth. Furtheryalidate our model, we design
the meta-ring into a T-shaped beam that can exellysperform the roles of the mass
and spring parts. We used MPT for the omnidireeti®H wave transducer for the
experiments, and its wave generation is modeleshatuating source.

The numerical simulation results of the designedtarmieg buttress our theoretical
model. Further, we experimentally confirm that theput shear strain measured in
an omnidirectional shear horizontal magnetostrcpatch transducer (OSH-MPT)
for sensing, as shown in Fig. 3.1(b), is incredse#69.3% compared to that for the
conventional case without the meta-ring, as showrrig. 3.1(a). It should be
mentioned that the proposed model is compatiblie thiz existing transducer design
methods and can passively boost transduction efiigi by installing a compact
structure. We expect this approach will provider@akthrough in overcoming the

performance limitations of omnidirectional transes

3.2 Analysis of the physicsin the meta-ring

We aim to establish a solid theoretical backgroiamdhe meta-ring and transducer
systems. We focus on developing a simplified edaivamodel in axisymmetric

coordinates to reduce the complexity of the analylbte that our system has no
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variation along the circumfential direction; therefore, an axisymmetrically reduced
bar model is apparently valid. Although our metagrsystem is compatible with a
wide variety of transducer types, such as MPTs, E8JAand PZTs, we especially
employ OSH-MPT for shear horizontal wave generationsidering their high
omnidirectionality [13]. We first set up an equieat excitation model for SH wave
generation that simplifies the complicated deforamatnotion of the transducer to
establish the analytic model. Then we introduciserdtized mass-spring model that
elaborately translates the resonance motion ofrigi-ring with a simplified mass
mand stiffness. We build a theoretical model to demonstrate thisgion efficiency
enhancement phenomenon of the meta-ring usinggeegentative mass-spring
system on the plate. In the last, we will contrilie equivalent effective medium
model by substituting the meta-ring, and we intetrgine mechanism of an abnormal

enhancing phenomenon.

3.2.1 Wavefield equation of the transducer system with the
meta-ring

In this analysis, the theoretical model consistaaliscrete mass-spring system
deforming in the circumferential direction attached single point of a bar with a

nominal mechanical impedanggof a plate with thicknegs. Here, the assumption

that the structure functions as a point resonatealid because the wavelength in
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the frequency range of interest is much larger tih@nthickness of the structure.
Now we investigate whether the wave transductiéioiefcy can be super-enhanced
by attaching a meta-ring to the plate around testlucer.

To describe the wave motion in the axisymmetric-dimeensional bar model, we

only consider the SH motion alone, and along witk, expressing the analytic mass-
spring model working as a resonator is shown in Bi@(b). The resonator is

modeled in mass m and stiffness s with the SH a@igphent of the mass part defined

as um, attached at= W. The SH displacement field in the bar is denotedig, and

it varies along the mediumO<r<a, as<r<W , and W<r . We used

cylindrical coordinates to describe the wave equatisee Appendix A). The
displacementU, in an axisymmetric bar model can be expressedring of the
Hankel function as:

A0 (o) +BRH () (057 53)
u, ={ AKH® (ki) +BkHP (kr) (asrsw) (3.1)
CkH Y (kr) (W<r)

where coefficients A (i=1,2) and C denote the amplitudes of the outward
propagating wave components whilg (i =1, 2) denotes the amplitude of the

inward propagating wave components. The symkobenotes the wavenumber in

the plate. As mentioned above, we omitted the faqu dependencef-)i‘“t for
describing the displacement fields.

To satisfy the finite displacement condition at= 0, the expression of the
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displacement is rewritten using the Bessel funstiofithe # kind J; and 29 kind Y;
as follows:

u,(r =0)=(A +B)kJ,(0) +i (A~ B,)kY,(0) (3.2)
From Eg. (3.2), the coefficient of th&*Xind of the Bessel functiovk(0) should be
zero to avoid divergence of the displacement atctmger this can result in the
conditionA; = B.
At r = a, the displacement continuity and force equilibricomditions are considered
where an external force is applied. In this motted,exciting external force per unit

length is given adFyg, and the internal force per unit length is writtan

PO.o = P.CessVio :Zoafyrg, wherep; denotes the thickness and the stiffnésg

denotes the shear modulus of the elasticity of glate and Z, denotes the
characteristic impedance of the background mediiu@ngas pt\/pT% with the
volume density ©. Using these relations, we can get the displacee@ntinuity
and force equilibrium conditions as:
AkHY (ka) + BkH P (ka) = AkH Y (ka) + B kH (2 (ka) (3.3)

Fo = Zook (AHY (ka) + BHY (ka)) = -Z ok (AHY (ka) + B H?P (ka))  (3.4)
Similarly, atr =W, the mutual forcé, considering the interconnection between the
mass-spring model and the waveguide can be catcullat the model, the bottom

part of the spring is attached to the plate atphiet r =W, and the top part is

connected to the center of the mass part. Therefmeeequation of motion for the
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mass part with the displacement, which is denoseghand mutual forcdy, can be

described as:
-wfmu, =—f_ (3.5)
o =5(Uy, —Uy (r =W)) (3.6)
The displacement continuity and force equilibrivomditions atr = Wis described

as.
AKH® (kw) + BkH P (kw) = CkH ? (kw) (3.7)
~ = Zoak{ AHY (kW) +BHY (W)} =-Z gk (CHY (kw))  (3.8)

By substituting Eg. 3.5 into Egs. (3.6) and (3tfg mutual forcé, is obtained as:

s’
f = -kaHf” (kw) (3.9)

From Egs. (3.7-3.9), the reflection coefficientrat W is defined asRé% and

expressed in:

R=|R€” =

with

D(w) 232/ %0 (3.11)

of -
where @ =27rf =,/s/m represents the resonance frequency of the masgsspr

system andf denotes the phase of the reflection coefficRnWhen the target
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frequency w is near the resonance frequency of the resonﬂcﬁw) in Eq. (3.11)

goes to o, and therefore, the reflection coefficidRtgoes to -1. Total reflection
occurs under this limit. It is important to examite reflectance induced by the
resonator in order to achieve a resonant cavitlgérinterior space of a metamaterial
ring. We tuned the meta-ring to get a high reftatticoefficient at the target
frequency in this paper.

In the nominal case without the meta-ring, we caglect the mass (i.e.,m = 0).
Therefore, the ratio of the output coefficient loé shear horizontal displacement to

the input force derived from Eqgs. (3.1-3.4) is oddted as:

Foa  ZoaK Y,(ka)J;(ka) —Y,(ka)J ,(ka)
Ug nom = CramkHLY () (3.12b)

On the other hand, in the case of the meta-riraghiig to the waveguide, the ratio
of the output coefficient to the input force is iged from Egs. (3.1-3.4) and from

Egs. (3.7-3.11) is calculated as:

Cosa_ g, HO0W), 1 0,(ka)
Fira TR Hl(l)(kW) )(Zo‘“k (1-R) (3 (ka) Yz (ka) - J2(ka) Yy (ka))

) (3.13a)

Up meta = CraakH & (K1) (3.13b)
Using the expressions in Egs. (3.12a, b) and &3.b3 we can define the gain

function H (w) representing the signal output enhancement bynita-ring as:

24



H () 2 Zmoa Tt = 3.14
AT 1-R (314

3.2.2 Wavefield equation of the equivalent system

This section investigates the physical implicatiofighe proposed unique output
enhancement through the meta-ring outlined in 8acB.2.1. We will first
demonstrate that the installation of the meta-raag dramatically reduce the
effective impedance of the inner region surrounidedhe resonator. The actuation
frequency must be set to be equal to a Fabry-Resmnance in order to transmit
nearly all of the wave power from the inner regiorthe outer region, which has a
mechanical impedance that is significantly difféarBom that of the inner region.
Lastly, we will show that the signal amplificatitaproportional to the inverse square
root of the decreased impedance ratio of the éffleanhedium region. For the
analysis, we propose another equivalent bar maldglicted in Fig. 3.2(c), which
consists of the outer original medium and inneedff’e medium of effective
impedanceZs that is supposed to reflect the mechanical infteesf the meta-ring.
The length of the inner effective medium is redefims/Ne: for considering the edge
effect of the meta-ring. Both th&.: and Zs values are estimated using the

transformed wave field.

The transformed displacement fieldd in the equivalent system can be written in a
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manner similar to that of the original system:

2kA J, (kr) (0<r<a)
Gy =1 AKHD (kr)+ BHO (kr) (asrsw,) (3.15)
CkH (kr) (W <)

where coefficients A (i =1, 2) and C denote the amplitudes of the outward and
inward propagating wave components in the inneectiffe medium while
B (i =1, 2) denotes the amplitude of the inward propagatingen@mponents at

the outer original medium. Here, the homogeneodiscfe medium for the
equivalent system is considered to perfectly stuistihe effect of the meta-ring on
the original analytic model. However, as the waveber k unaffected by the
transformation of the system, the only adjustalblee for reflecting the phase shift
in a homogeneous medium is the distanee which defines the boundary between
the homogeneous medium of the effective impedaacend outer original medium

of impedances.

To match the original and transformed fields, itdquired that the coeﬁicientﬂ ,

A, B,, and C of the displacemenUNg of the transformed field are related to

the coefficients A, A, B,,and C as,
%=%=ﬂ@ (3.16)

c=C (3.17)
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Fus = (o) (3.18)
Ftrd

where g(w) and h(w) are the unknown functions to be determined. These

functions should be properly determined for thedfimatching between the two
systems. Obviously, the displacement field of theeobmost propagating wave must

be the same for the two models, as given by Eq7}3.

For the field matching at=a andr = W on the bar model, we explicitly write the
displacement and traction boundary conditions as:
2kA J, (ka) = AkH ® (ka) + B kH 2 (ka) (3.19)
Fro =224 kA J, (ka) = ~Z ak AHY (ka) + BH P (ka)) (3.20)
AKH® (KW, ) + BkH 2 (KW, ) = CkH P (KW, ) (3.21)
~Zoak( AHP (W) + BH P (KW, )) = -Z gk CHO (W, ) (3.22)
If Egs. (3.16) and (3.18) are substituted into EQ([), the resulting equation is

compared with Eq. (3.4), and the relationship betwg(w) and h(w) can be

established as:

9(w) Z,

In order to represent the external force appliedhgytransducer in an equivalent

(@) _ Za (3.23)

system, we argue that i) powin the original system should be the same asthat

the transformed systemrat a and ii) power in the original systemrat W should



be the same as that of the transformed systanrat:, where P=Re[ FL]*} /2.
Thus, atr =a,
P(r=a)=P(r=a) (3.24a)

where

P(r=a)=F,,wA|J, (ka)CO{gmj (3.24b)

P(r =a) = FueiA|, (ka)cof Z +n+0- n(@)a(e)] (240

In Egs. (3.24a-c), the phases of the displacenmsfticientA;, and transformation
functions g(w) and h(w) are denoted ag , 8, and y , respectively, for a

computational convenience. As a consequence of Eg&4a-c), the following
relationship can be established:

O=y (3.25a)
In(w)|g(w) =1 (3.24b)

Using Egs. (3.23) and (3.25a-b), the two transfeiongunctions can be derived as,

F 0 \/7 (3.26)

where @ is undetermined. Next, we consider the secondeposquivalence

condition:
P(r=w)=P(r=w,) (3.27a)

where
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P(I’ :W) :%a)zzo AZHF) (kW)‘Z (3 27b)
=207z, [B.HE (o) + Larz fen ! aw)f

P(r =) = 5 Re(af A (ks ) @270

.2/C

=%a12 Re(2)|B,H{ (kw, )‘2 +%w220‘CH O (kg )‘2

Substituting Eq. (3.26) into Eq. (3.27c¢) and salvifgs. (3.27a-c) leads to the

condition of effective impedanc&s as:
Re(Zy ) =|Z4] (3.28)

Eq. (3.28) implies that effective impedance is gisvpositive and real-valued. Given

Egs. (3.21) and (3.22), the reflection coefficieRry,,, = B,/ A, at the impedance

uiv

varying boundary at = Wi can be derived as:

SR ()10 )
= 0 (3.29)
- —ZiH(z)(kV\/ )_,_ Hgl)(kwa‘f)Hl(Z)(kWEff)
z, T )

Using EQ.(3.16), the reflection coefficien®® and Rquv are same. Then, by

substituting Eq. (3.10) into Eqg. (3.29), we caraibthe effective impedang as:

. H (kw, ) .
L HE (kw, ) . (3.30)
of HE (k)
1+ H(l)(kW )R
2 eff

whereRis a reflection coefficient, defined in Eq. (3.10%ing Egs. (3.28) and (3.30),
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Zg andWer for the equivalent system can be numerically dated.
When KW, >1 is assumed, i.e., when the meta-ring is placedvay from the

excitation source, the Hankel functions can be @pprated as (see Appendix A.1):

HE (kwg, ) ~ nk\?\/ o) (3.31a)
eff

H (kwg, ) ~ nk\ZN ez (3.31b)
eff

where a is the order of the Bessel functions. Substituttag. (3.10) and (3.31a-

b) into Eq. (3.30), one can express the effectiyeedance as

Ze _1+|Rle”
L= 3.32
Z, 1-|Ré&* (3.322)
T
X == 2Ny -3 (3.32b)

Note that the magnitude of the reflection coeffitieR appearing in Eq. (3.32a) is
always smaller than or equal to D$|HS1). Under this observation, the real-

valuedness condition imposed ofy; as stated by Eq. (3.28), and must be

either 2n7 or (2n+1)r (N: integer). Therefore Z in Eq. (3.32a) becomes

i) for X =2nr; i—1+|R| (3.33a)
Z, 1-|R
i) for X =(2n+y; z_a;f‘i—ﬁ (3.33b)

In this study, we used the results in Eq. (3.33bganse a lowered effective
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impedance can yield a higher gain of the outpygldeement.
Next, the relation between effective impedancegaid will be explored. From Egs.

(3.7) and (3.27b), the following relation can beivkd:
H (kw) >

1+ R—=——— 2= [1-|R (3.34)
H (kw) R

Then, the magnitude of the gain function as deriveq. (3.14) can be rewritten

using Egs. (3.10) and (3.34) as:

maxH @) = max{ 1-IR j (3.35)
VL+[R - 2R coss

Examination of Eq. (3.35) indicates that the magietof the gain function can be

amplified when the phase of the reflection coediiti ,3 is set asCOSﬂ: 1 Then,

we substituted this condition into Egs. (3.32b)38b), and Eq. (3.35) to obtain

COS(KW,, +gﬂ)= ] (3.36a)

maxH @) = i—IFF:" = /ZZTZ (3.36b)

&(n —%), n=12.. (cs :the phase velocity of the SH wz)\ (3.36¢)

W.. =

eff 2f
From the result of Eqg. (3.36b), we can now argua th maximize the magnitude
enhancement using the meta-ring, the ratio of tifiective impedance of the

equivalent system to the impedance of the origayatem should be as small as

possible. At least, it should be smaller than urityrthermore, Eq. (3.36b) suggests
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that the higher the reflection coefficient is, tlaeger the magnitude of the gain
becomes.

It is argued that Eq. (3.36a) represents theyFBbrot condition for the resonant
cavity of omnidirectional SH wave in the cylindd@ordinate system. Although
the transduction efficiency should be decreaseddltiee high reflection caused by
the impedance mismatch between the inner mediuntheflowered effective
impedance and the outer normal medium, at thatuéecy, full transmission is
possible because the selected frequency is onéheofFabry-Perot resonance

frequencies.

3.3 Design of meta-ring with analytic and FEM simulation

To realize high output enhancement by the proposstd-ring, we designed a meta-
ring and examined its frequency response usingefiglement simulations.
Specifically, we designed the meta-ring structuseaaring type T-shaped cross-
sectional beam that can function as a resonatospécified frequency. Referring to
Fig. 3.2(a) 5= 2 mm,s,= 3 mm,my= 6 mm,m,= 3 mm andV =52 mm. It is made
of aluminum (Young’s moduluB = 70 GPa, Poisson’s ratie' = 0.33, and density

p = 2700 kgr?. The meta-ring is designed to simulate the dismdtmass-spring

model such that its top part works merely as a pass its bottom part works as a

spring. The finite element analysis results indidhtt the mass and stiffness of the
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structure are evaluated as= 14.7 g ands = 3.819 GNm, respectively, with the
lowest shear horizontal eigenfrequerfey = 81.112 kHz(will be discussed in
Section 3.3.3). The meta-ring is installed on tleeguide, an aluminum plate with
a thicknesg: = 1 mm, and therefore, the nominal impedance #rade velocity of
the shear horizontal wave in the plate Zse= 8429.3 kgs andcs = 3122ms,
respectively. For the size of the annular type ma&ggtrictive patch, the

representative radiws= 15 mm is selected.

3.31 Analysis results of the transduction efficiency

enhancement using the meta-ring

According to the selected geometric parameters frgguency responses of the

normalized output displacements fielqtisg/u"‘"ﬂlx

6,nom

and the enhancement gain

function |H(a))| defined in Egs. (3.12a,b), (3.13a,b), and (3.X¢)mesented in
Fig. 3.3(a) and 3.3(b). Here, the target frequdrisydesignated when the maximized

output displacement fieldu9| of the nominal case is gauged. fAt f, |H (a))|

increased to 329.8%, which indicates that the dégphent field|u,| is highly

amplified when the meta-ring is installed, in comgan to the maximum

displacement|um""x

&,nom

of the nominal case without the meta-ring. Alsig. B.3(c)

and 3.3(d) show the magnitude and phase angleeagkftection coefficient defined
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in Eq. (3.10) on a frequency domain. It is cleathown that the meta-ring yields
high reflectance around the target frequency, atitg the possibility of achieving
a resonant cavity circumstance inside. When thguiacy is tuned td.s, it is

apparent that the mass-spring model works as amigrebsorber or a perfect wave
reflector. Therefore, the meta-ring perfectly droffghe gain |H (a))| to 0 with the

reflection coefficienR of magnitude 1 and phase angfe.

The effective parameteiZ« and W of the equivalent system in the frequency
domain are plotted in Figs. 3.4(a) and 3.4(b). Big(a) shows that«/Z, converges

to 0 as the frequency approaclies Further, Fig. 3.4(a) also shows the asymptotic
solution of theZe/Zo based on Egs. (3.31) ~ (3.33), which are plottedadted lines.
Fig. 3.4(c) shows that dt= f., |H(w)| becomes zero, for which the reflection
coefficient R becomes -1. The complete form of the effectiveadgnce can be
expressed in two types as Egs. (3.33a,b): the iampdincreased cage/Zo>1 with

a phase condition off -2kW,, = (2n+1/2)y7 and the impedance lowered case
ZgilZo< 1 with a phase condition off — 2kW,, = (2n+ 3/ 2)7; the latter case is

utilized in this research to facilitate the enhaneat of the transduction efficiency
of the wave. However, simply lowering the effectivepedance aggravates the
impedance mismatch at the interface, which redticestransduction efficiency.
Therefore, an enhancement can be achieved ataheeincy tuned to be the Fabry-
Perot resonance frequencys; this is induced by the phase condition of the phase of the

reflection coefficient in Eq. (3.36a). The selectatyet frequency is set to this
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Fabry-Perot resonance frequency of the equivaleatiom confined im = W and
effective impedanc&e. Thus, following Eg. (3.36b), the maximum enhaneatn
gain function achieved dt= f; can be rewritten as the inverse square root of the

impedance ratio, as indicated in Fig. 3.4(c).

3.3.2 Effects of meta-ring location and resonance frequency

The effects of distanc&®/ and resonance frequendys, two key parameters
specifying the meta-ring, are investigated basedtlom rigorously analyzed
theoretical model of the meta-ring. For the invgediion, the contour plot of the gain

function H(wW) is presented in Fig. 3.5(a) on the plane of fesqy
f(=w/2m) and distanceW . In this figure, two sets of lines are observad:

oblique lines tracing high gains and ii) a vertitiale indicating the resonance
frequency. The pattern or shape of the latteribrigarely affected by the change of
W (see the detail in Section 3.3.3). Next, eachhefdblique gain lines corresponds
to a set of solutions satisfying the Fabry-Peratonance condition derived in
Eq.(3.36¢) fom =1, 2, and 3. They are denoted By I and ¥ FP in Fig. 35(a);
apparently, the Fabry-Perot resonance phenomergoverned by the radild of
the meta-ring, and therefond/ critically affects the peak frequency. We can cele
the value oW along the FP lines to attain the maximum gaimattarget operating

frequency of the transducer.
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On the other hand, to seldgt through the specific structural geometries, tiiect$
of fies ON the system are also examinkd should be designated ndabecause we
utilize the resonance phenomenon of the meta-ringnhance the transduction
efficiency. To confirm the relation betweégn andf;, we draw the equ¥ lines for
W =48 mm, 52 mm, and 56 mm, respectively, as shovag. 3.5(b). Ad: is closer
to fies, @ higher gain can be achieved with a narrowen gaindwidth. Effective
impedanceZes: can be considerably lower because the magnitudbeofeflection
coefficient radically approaches 1 at a frequerogetofes. In addition, we should
properly selecke considering the amplitude and bandwidth of theaaskment gain
atf =f; because the gain goes @ af., as discussed in Section 3.2.2. For this reason,
we examined the design condition of dista¢to determine the gain, full width at
half maximum (FWHM), and target frequency of thetaneng.

Fig. 3.5(c) shows a trade-off between the gain BAWHM along the variation in
distanceW on the 2¢ FP line. In addition, Fig. 3.5(d) shows the vadatin distance
W of the target frequendy normalized to the resonance frequefigy Following
this result, we can selefztby considering thée of the meta-ring. Considering the
actual fabricationy = 52 mm is selected for the meta-ring. Based antmoretical

model, the design conditions of the meta-ring waittertain cross-section and radius
of structure make it feasible to obtain gain enleament |H(a),W)| at the desired

fr.
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3.3.3 Finite element analysisto design the meta-ring structure

The eigenmode and static deformation analysesomducted to configure the meta-

ring, which is modeled in a T-shaped cross-sectibeaam structure. From the data

of its eigenfrequencites, and asymmetric shear horizontal displacemégntunder

static shear force, the distributed massaind stiffnesss of the structure can be
estimated. For the convenience of estimation, @ gf the structure conditioned
with anti-symmetry along the circumferential diieatis used. Using the geometry
parameters mentioned in Section 3.3.1, the eigenémcy is obtained as 81.112 kHz
with the lowest shear horizontal eigenmode of ttrecture, whose motion is
dominant in the circumferential direction, as shawrig. 3.6(a). Althoughw is
modified, the eigenfrequency of the structure remmaipproximately unchanged, as
depicted in Fig. 3.6(b). Besides, we can obseraettie bottom and top parts work
as the spring and mass of a mass-spring systeme ieigenmode shape.

For this reason, as illustrated in Fig. 3.6(c),gstaic structural deformation analysis
allows for the evaluation of stiffnessthrough displacement under a unit force

applied to the mass part. In detail, the shearzbatal displacement of the mass part
U, under a prescribed unit force uniformly distrittite the head of the mass part
is estimated. Thus, the stiffness vadlis evaluated as 3.819 GNmand therefore,
massm calculated ass/ (27rfr%)2 is 14.7 g under the distance variadle 52 mm.

The stiffness of the meta-ring structure variessaerably with the changes in

distancel, as indicated in Fig. 3.6(d). Generally, to defime stiffness of a structure
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in cylindrical coordinates, one can denote the nmmneguilibrium relation as

follows:

M, =c3% (3.37)
dz

whereM; denotes a moment loaded onto the circular stregiuis the shear modulus,

:I_¢ denotes a ratio of twist, andl, =%J.Ar2dA denotes the polar moment of the
z

inertia. Here, we assume that the ratio of twista@ade evenly in the height direction.
Considering the relationship to the proposed miastructure, we show that each

term of Eq. (3.37) is calculated as

M, =V xW (3.38a)

|, =m(m +s )W? (3.38b)
dg__A¢ (3.38¢)
dz m +s,

whereV represents the fixed value and denotes the irttegraf the shear horizontal
force along the circumferential direction of theusture. From Eqs. (3.37) and (3.38
a-c) with the description of displacemehly, written in WAg@ , the theoretical

shear stiffnessneary IS given as

aheory :i = ﬂ—(rnx i SX)GW . (339)

u, m, +s,
The result of Eq. (3.39) points out that the stffa of the structure is theoretically

proportional to the distance variallé¢ Furthermore, we assume that the top part
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will play a dominant mass role, so we can calculla¢etheoretical masBneorry as
rn(heory :pl:‘?"zwnlxrny . (340)
Combining EQs.(3.39) and (3.40), the theoreticdomance frequency of the

structure can be calculated as

L e
T rr1heory 27-[ Zp”km/ (TTL'FSy)

Eq.(3.41) reveals that the resonance frequencybeatuned independently to the

distance variabl#V. Using the given geometry parameteigory, Mieory, and {7

are calculated as 5.732 GNm15.9 g, and 95.56kHz, respectively. It can be
confirmed that the theoretically estimated valuesenarger than the actual values
estimated by finite element analysis. The reasothferror is that in the process of
theoretically interpreting the structure, the ma$she spring part, the relative
displacement of center of the mass, and the aonglenness of the rate of twist
were ignored. However, using the theoretical magel¢can predict the order of mass

and stiffness, and select independent varidhleandW.

3.34 Numerical simulations for transduction efficiency

enhancement by meta-ring

We conducted FEM harmonic simulations using COMS@ultiphysics 5.3 to

validate the established analysis model. A threseedsional full model of the
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transducer system with the meta-ring attacheda@bhminum plate of thicknegps

was reduced to a circular sectional model of thglear# =5, as depicted in Fig.
3.7(a), to reduce the computational cost. Additignahe asymmetric continuity
condition was applied to radial lines so that théuced model could represent the
pure in-plane omnidirectional SH wave. The waveegation of the MPT was
represented as an external ford&g, which was equally prescribed in the
circumferential direction, and alternativelyrata; andr =a,. The perfectly matched
layers (PMLs) were applied to the outer mediumidetboundary A.

As demonstrated in Fig. 3.7(b), the finite elememtalysis results for the
enhancement gain using a meta-ring as functiorisanfl distanc&V. We confirm
that similar FP lines based on the numerical sitrariaare in good agreement with
the theoretical result of Fig. 3.5(a). To compdre detailed frequency response and
wave motion of the model with the theoretic reswi, drew an equi¥ line for W
=52 mm, as described in Section 3.3.2 and as d@ebiat Fig. 3.7(c). The FEM

simulation result shows a similar enhanced gamsightly altered peak frequency
of fp':e'i” = 68.7 kHz from the theoretical prediction dfg*;;';”y =69.9 kHz. Indeed,

the developed theoretical model was in good agreemith the FEM simulation.

The discrepancy between the FEM simulation andréimal result can be explained
by the geometrical discontinuity arising from thetatring structure along the radial
direction. Besides, the von-mises stress fieldltesf the FEM simulation at the

peak frequency of 68.7 kHz are presented in Fig(d3. The wave was highly
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concentrated in the medium of the meta-ring dueht Fabry-Perot resonance
phenomenon and significantly increased outside haf meta-ring by 314.5%
compared to the conventional model. This is becahse meta-ring has high
reflectivity at the target frequency. In particylarmhile satisfying the Fabry-Perot
condition at the target frequency, the phasesefd¢fected waves become the same

and overlap in the interior.

3.3.5 Numerical simulations to investigate effects of input
signal cycles

We conducted transient analysis using FEM simutatiioconfirm the effectiveness
of the meta-ring in regard to the driven signalleyand the signal to noise ratio.
Because the theoretical foundation on the metaignigased on a full harmonic
condition, the transduction efficiency of the métag is reduced with the number of
the input signal cycle not sufficient. To investigéhe effects of the cycle number of
the input sine wave on the signal amplificatiore tbllowing 4 input signals are
considered: Hanning-windowed 10-cycle sine waveg\fle sine wave, 50-cycle
sine wave, and 100-cycle sine wave. For the arglylse FEM simulation model
used in Section 3.3 is employed. Fig. 3.8 shows dbtput shear horizontal
displacement signals measured with and withoutrtbta-ring. The gain was defined

as the maximum peak-to-peak amplitude for the erdintput wave signal. The
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results show that the amplification ratios are 2,.871.7%, 265.3%, and 276.1%,
respectively, for the considered 4 input signalisBuggests that meaningful wave
amplification can be possible if the input numbecyxles is over 30. It also shows
that the input number of cycles over 100 showsgalformance corresponding to
the harmonic condition. Figure 3.9 shows a snapshtite transient analysis result
when the input signal of a 100-cycle sine wavevsm

Fig. 3.10 shows the transient analysis resultshferinput signal of a 100-cycle sine
wave of shear horizontal displacement. To see dngrae effect of the meta-ring
installation, such as the generation of unwantedewaodes, e.g., the Lamb wave
mode, the output SH and the Lamb waves (correspgntti the out-of-plane
displacement) are calculated by the finite elem€&hé results in Fig. E2 show that
the amplitude of the out-of-plane displacement aigrorresponding to the Lamb

wave is negligibly small compared to the SH disetaent.

3.4 Experimental validation

We fabricated a prototype and conducted wave expsis to evaluate the
performance of the meta-ring in boosting the trantdn efficiency of the
theoretically modeled transducer supported by FEMiktion. Fig. 3.10(a) shows
the experimental setup, the ring installed on thgahal of a 1 mm-thick aluminum
alloy plate 1.2 #X1.2 m in size. The rest of the geometry and mdteraperties are

the same as those used in Section 3. In the expetéimwe used annular type

42



magnetostrictive patch transducers (MPTs) as aoasmt and a receiver that
generated the lowest shear horizontal wave (SH®)sidering their uniform
omnidirectionality [13]. Further, we elaboratelysialled a meta-ring aligned with
the center of the actuator MPT using an epoxy (D®).1in addition, we attached
the dissipative material (Blu-tack) in a rectangshkape that includes the sensor and
actuator to prevent interruption owing to the refilen signals at the boundaries.
The experimental procedure is briefly describetbigws (the detailed algorithm is
shown in Appendix D). First, we generate a sinetiom signal of 100 cycles using
a function generator (see Appendix E). The gendrsignals have varying center
frequencies ranging from 50 kHz to 80 kHz. The fiexacy resolutions are 0.1 kHz
between 62 kHz and 65 kHz and 1 kHz elsewhere.gdmerated signals by the
function generator were amplified through a powerpkfier (AG1017L) and
inputted to the actuating OSH-MPT, which exciteoamidirectional SHO wave in
the test plate. Then, the receiving OSH-MPT locdt@dm away from the actuating
MPT picked up the voltage signals of the omnidimwl SHO waves, which
propagated in the plate. The measured voltage Isigitssamplified by a preamplifier
(SR560) and stored at an oscilloscope (LeCroy Wawear 104MXI) for further
signal processing. Next, we installed the meta-angund the actuator MPT and

carried out the above measurement process eqBaibause the measured voltage
was proportional to the magnitude of the sheainstH , the peak-to-peak voltage

values were extracted and divided by each correspure frequency data to

estimate the enhancement gain at a frequency mnge to 80kHz, including the
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target frequencit = 69.9 kHz as predicted.

As shown in Fig. 3.10(b), the experimentally estiedaenhancement gain function

|H (a))| of the meta-ring is plotted as red circles. Thaults indicate that the meta-

ring enhances the output signal magnitude by tha-mieg-installed OSH-MPT by
as much as 269.3% at the frequenéﬁé’i = 63.5 kHz when compared with the

output signal by the OSM-MPT without a meta-ringeTinite element result shown
in Fig. 3.10(b) was adjusted to reflect the unaabld damping effects of the epoxy
resin layer used to bond the MPT transducer teetsteplate. Table 1 presents a more
guantitative comparison of the two results. Theyaislight discrepancy in the
frequency of the maximum output signal betweenntlimerical and experimental
results this can be attributed to some fabrication erramsgl the effects of the
presence of epoxy bonding. However, the proposéacipte of output signal

enhancement by the meta-ring functions as predicted

3.5 Summary

Concerning ultrasonic transduction efficiency erdgment of omnidirectional SH
waves, we proposed a non-conventional method wsifrgquency-tuned circular
ring, a meta-ring, devised based on a metamatesiatept. Because it is directly
installed onto a test structure, a plate in thesgmée study, the proposed approach

contrasts with conventional approaches that mdodys on the reconfiguration of
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transducers. Furthermore, the proposed approacboss-effective and, more
importantly, offers a possibility of additional ession enhancement gain.

For the new development of the wave enhancing miega-we should lower the
effective impedance of the excited region of thetgby a transducer and overcome
the resulting impedance mismatch by Fabry-Peratnasce. To lower the effective
impedance of the transducer-excited zone, whicklthes main challenge, we
theoretically investigate the impedance loweringchamism and its relation with
emission enhancement using our one-dimensionalysisamodel. Also, our
formalism was confirmed numerically and experiméynta

It was shown that the proposed meta-ring reducedntipedance of the zone of
interest to 9.18% of the base plate impedanceaagat frequency of 69.9 kHz, for
which the meta-ring is designed to have its resoadrequency at 81.1 kHz. The
resulting output enhancement was 329.8% theorbtiaatl 269.3% experimentally.
When a finite-cycle signal is given, we cannot exX@el100% enhancement capacity
of the meta-ring. This is because in theory, tteppsed meta-ring functions under
harmonic waves. To be able to use a short tonebignsal, some additional studies,
such as meta-ring design optimization, which isdmglythe scope of this study,
would be needed. Since omnidirectional waves areiarfor wide-area ultrasound
imaging, the proposed meta-ring is expected tormcramnidirectional-wave-based

non-destructive testing techniques.
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Table 3.1 Peak frequency and gain results of the theoretical
model/FEM/FEM+bonding simulation and experiment.

Theory FEM FEM+bonding Experiment
foeak[KHZ] 69.9 68.7 63.8 63.5
Gain [%] 329.8 314.5 278.5 269.3
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(a) (b)
Permanent

magnet : Metamaterial ring

Fig. 3.1 Schematics of the meta-ring model with OSH-MP &3 ll{ustrations of an
actuated wave signal generated by a transduceeatgng inverse squarely due to
omnidirectionality and (b) a boosted wave signaéwh meta-ring is attached.
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Fig. 3.2 (a) Proposed theoretical model for the meta-rinth & transducer. The
detailed geometric dimensions of the meta-ringcstme in the T-shaped beam are
S«=2 mm.,s, =3 mm,m, = 6 mm,m, =3 mm, and the test plate thickness 1 mm.
(b) One-dimensional model depicting the axisymrogttate as a bar and the meta-
ring as a mass-spring resonator. (c) A homogenespdvalent model with the
mechanical effects of the meta-ring smeared irbrewhere the zone affected by

the meta-ring is assumed to have an effective impeelZs. The symbol Fud
represents the resultant pin-forces generatedeoyntignetostrictive patch.
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Fig. 3.3 Analytic solutions of the SH wave in a bar witmass-spring model as a
function of frequency. (a) Radiated displacemeeldfi|u,| of the nominal and

meta-ring attached cases. (b) Enhancement gairu'diun{H (w)| of the meta-ring.

(c) Magnitude and (d) phase of the reflection doifit at the boundary of the mass-
spring model.
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Fig. 3.4 Analytic solutions of the SH wave in an equivalent bar system as a function
of frequency. (a) Ratio of effective impedance to nominal impedance Z.4/Z, through
the retrieval and asymptotic solution and (b) effective distance W4 (c) The explicit

enhancement gain function |H (a))| with an asymptotic dotted line of the inverse

square root of the impedance ratio.

50

s A 2o ghw



(@)
65 \ 10
S=fres
60 \A
55 P
2 ! 34FP
g 50 ) i m=3) 5
R \
45 1 FP T
¥ e PP
40 n=2)
35 5 0
50 60 70 80 90
Frequency (kHz)
(©) ()
12 . 0.12
1
1 O Gain
10 : .r 0.1 .
o 8 ! 008;
g6 E 2006 2 £
4 ' 0.04 2
2 U e 520m 0.02
0 4 0
45 50 55 60
W (mm)

(b)

max (H (®))

’
wW=52mm ,

W=48 mm

—»,

!

g
= w=56mm ,*
60 65 70 75 80
Frequency (kHz)
1 T
1
i
0.9 |
1
1
0.8 |
1
1
| W=52mm
0.7 v
45 50 60

W (mm) b

Fig. 3.5 (a) Contours of the enhancement gdiH (a),W)| as functions of the
frequencyf and distanc®V under fixed geometries of the T-shaped crossaecti
the meta-ring. (b)|H(a))| as a function of frequendylong the equi%/ lines forw

=48 mm, 52 mm, and 56 mm. (c) Gain and full widtthalf maximum along the
distanceW of the meta-ring. (d) Variation of the normalizadget frequency along

the distancaV.
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Fig. 3.6 Finite element analysis to extract masand stiffness of the meta-ring
structure. (a) SH eigenmode of the meta-ring fragmand (b) varying
eigenfrequency of the structure along the changevanable W. (c) Angular
deformed shape of the meta-ring fragment undepalieal force {,) perpendicular
to the cross-section and (d) the varying stiffrifghe structure along the change in
the distance variabMy/.

52

-

B
o

:

o} o



(@) (b)

65 = ’ 10
Antisymmetric B.C. -'n, %
\ 3
[Top view] \ 60 .9
%
: 55 i
et . -5
—— S Lo 9 b, ____ Y 52w
= g =
6 &g 50 e, 5
IS o
i . 45
[Side view] A
' Frra (my, my) Measurement points 40 r‘*... i s,
: L’ '/\'@ (55 5,) e Al Plate "‘." .
ol - 73 35 - 0
; | A 50 60 70 80 90
Frequency (kHz)
(©) (d
5 P,
= Theory
4 O FEM
f:aﬁ;ﬁ‘k{ = 68.7 kHz theory

N foear = =69.9 kHz .

T }

g 08 = w/ metamaterial ring
2 06 *=** conventional system
1 04
0 b00000000000000000°°" ,°°°n e . i

o <0 00 <0
50 60 70 20 90 0 50 100 150
Frequency (kHz) Radial position (mm)

Fig. 3.7 (a) Finite element model for verifying an effeéttbe meta-ring structure
under harmonic conditions. (b) Parametric sweedyaisaon variablesV and
frequencyf to find a boosting phenomenon. (c) Comparisorheftheoretical/FEM

simulation results of the enhancement gain functiiHr(a))| using the meta-ring.

(d) Normalized von-mises stress fields in the FEMhusation results for the
conventional transducer system and the transdu®stéd with the meta-ring at a
peak frequency of 68.7 kHz.
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Fig. 3.8 The output shear horizontal displacement signeds peiedicted by the
transient analysis. The considered input signaqay the Hanning-windowed 10-
cycle sine wave, (b) 30-cycle sine wave, (c) 50egine wave, and 100-cycle sine

wave.
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Fig. 3.9 Snapshots from animated images of the transiealysis using 100-cycle
sine wave inputs.
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Fig. 3.10 The output displacement signals correspondingi¢oSH and the Lamb

waves (corresponding to the out-of-plane displacgjare calculated by the finite
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Fig. 3.11 Experimental demonstration in a thin plate. (augdor experiments with
a prototype of the meta-ring. A circular MPT is dige ensure the actuating and
sensing of an omnidirectional SH wave. (b) A corgmar of the FEM simulation

considering the epoxy resin bonding layer (DP189et thickness = 0.2 mm) and

experiment results for the enhancement g:jai(w)| as a function of the frequency

that denote the effect of the meta-ring on theatadi strain field|S .
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CHAPTER 4.
High gain elastic metamaterial superstrate for

omnidir ectional SH wave emission

4.1 Overview

As interest in nondestructive testing to examine shfety and reliability of the
structure is growing, numerous studies on ultrasaniided waves have been
explored owing to their potential to propagate laliggances from a single position
in plates and shells[69-71]. Here, generating mggnsity waves is the key issue to
dominantly determine the performance, such as acgurinspection coverage,
resolution, and power consumption. Moreover, wher@aunidirectional wave in
which the intensity is kept constant in the propigga obtaining a high gain for an
omnidirectional wave, which covers a wide rangénspection easily and quickly
but amplitude is innately decreased through thiatiaeh, is much more emphasized.
In this respect, the various design developmergnohidirectional transducers to
improve the gain of the waves has been suggestedtig[1, 2]. Meanwhile, shear

horizontal wave modes have several advantagesspeation, including a shorter
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wavelength than their lamb wave mode counterpadgmihetric S and
antisymmetric A) and less distortion and energkdg® from external causes such
as fluids[10]. Particularly, fundamental shear m{@E0) has unique nondispersive
characteristics and propagates without mode coiorersnaking it an attractive
option for such applications. Recent progress imidirectional transducers for
shear horizontal wave generation has been madédillaing the magnetostrictive
phenomenon[13, 15-18], Lorentz force[14, 21, 28} piezoelectric wafer[12, 22-
27, 72], in response to these needs. Seung eteatlaped the first SH wave
magnetostrictive patch transducer(MPT) design teten omnidirectionality with
an annular nickel patch[15] and an electromagnaticustic transducer(EMAT)
using a Lorentz force induced by a distinctive ageof magnet with coil circuit[14].
After that, configuration optimization[15, 16] apased array arrangement[17, 18]
was further investigated. Piezoelectric transducesse relatively powerful
compared to these two transducer models but sdffeoen an unequal intensity to
the direction. Belanger and Bovin suggested a rieaoplectric transducer design
with a six in-plane poledigmode PZT wafers to generate an omnidirectional SH
wave[22]. Huan et al. proposed an enhanced omuoitreal SH wave transducer
design by assembling twelve PZT elements compottiegthickness-poled PZT
ring[24]. In addition, the face sheanzthode[12, 23], thickness poleganode[25],
and radially poled mode[27] of PZT elements wenghier developed to generate
circumferential shear deformation yielding omnidtrenal SH wave. However, the

expected gains from these internal design improwesrere limited, and complexity
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renders them impractical.

As same as the high demand for transducers inie@asteveloping high-gain
antennas is a major challenge in the electromagfietds. Although phased array
antennas have been proposed as a solution, thelgnaren to increase system
complexity and manufacturing costs. Fabry-Peroitiegyhave been suggested to
achieve high-gain antennas as an alternative tadghgentional approach[73, 74].
This simple design localizes sources between figntéflective surfaces (PRSs) and
the ground, providing improved gains with a compstcticture layout. Multiple
reflections occur in the cavity, and when the tnaitted waves match in phase under
certain conditions, the emission is maximized vaithincrease in PRS reflectivity.
With an elastic metamaterial, a similar concepedance the wave emission can
also be applied. Metamaterials have been a topimtefest in recent years as
artificially engineered structures that can achiexgreeme characteristics for wave
manipulation, such as negative density and bulkuhsf35, 36, 39, 40, 49, 75],
negative shear modulus[34], and even anisotropoperties[50-53]. Lee et al.
suggested a new unit cell design that breaks thasit relationship between density
and stiffness. By dividing the structure into twabstructures, the effective mass,
and stiffness of the elastic metamaterial were pedédently tuned[40]. Park et al.
developed discrete continuum substructures sepgrtte responses of dipolar and
monopolar resonators through a deliberate transyaelescement of the resonators.
They show that the possibility to manipulate thechamical properties in a

completely decoupled manner[49]. Utilizing these tanmaterials capable of
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controlling wave properties may enable the desigmechanical PRS in elastics.
Unfortunately, unlike electromagnetic fields that dreely designable in a wave
propagating medium, designing in-plane metamatemadlastic fields is unsuitable
for non-destructive inspection as it requires pssogg test objects. Instead, out-of-
plane metamaterials as types of pillars[76-79] aungerstrate[47], which are
separately fabricated and adhesive to the testtste) can be considered for
practical applications. Yan et al. proposed surameded elastic metamaterials
consisting of lead discs with silicone rubber tanipalate an effective mass density
profile that enabled the focusing of ultrasonic lbawaves in an aluminum plate[76].
Wang et al. reported a single-phase double-sidéattgd metamaterial capable of
achieving both negative mass density and elastdutos by adjusting the resonance
mode of both pillars[77], and also developed a maechanism involving the
torsional resonance of stubs realizing negativecéife shear modulus[78]. Tian et
al. proposed a non-perforated resonant elastic mataial with complete mode
converting capability from Lamb waves into sheatizantal waves[79]. Tian et al.
proposed a superstrate design of elastic phasgddtiibn gratings for passive and
multiple manipulations of Lamb and Rayleigh wavesolids[47]. They show that
superstrate can modulate the waveguide's effedhickness and composition,
yielding changes in dispersion. Nonetheless, te®ipus studies have required a
large design space for periodic arrangements, ahdto focus on the wavefront
control of the one-dimensional propagation condgioNo direct method for

controlling impedance has been proposed. Moreaver, physical features of
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omnidirectional propagation problem have not besrsitlered.

In this paper, we propose a novel elastic metanahtauperstrate that can
significantly enhance the emission of omnidirecsioshear horizontal waves. The
elastic metamaterial superstrate is an easy-tagpdesiucture, forming a Fabry-Perot
cavity inside by locally increasing impedance. fiteipret the mechanical principle
of the emission enhancement phenomenon, we usdfertivee medium model
substituting the superstrate structure. Our thaaetoundation demonstrates that
two necessary conditions related to the geomettig@structure activate the Fabry-
Perot resonance cavities. Additionally, we canimttae maximum gain up to the
increased impedance ratio through the metamatei@lperstrate design,
corresponding to the theoretical model, is conttiveased on the unique
nondispersive characteristics of the SHO wave mbkle thickness of the superstrate
structure adjusts the varying impedance, achiewdpgcific desired effective
properties in a straightforward manner. Furthermooer proposal operates
independently, enabling high gain enhancement girenultiple superpositions.
Compared to another type that relies on reson&r6B, 80] consisting of a discrete
mass-spring model, our superstrate structure featilne impedance selection only
to be determined by the thickness. Specificallyprievious research by the authors,
a resonant structure, meta-ring, was proposed forw@ve emission efficiency
enhancement[80]. However, our new design is andlyaea distinctly different
approach, resulting in an explicit design and gitermination. In addition, as a

small number of cycles ultrasonic signal is utiliz@ non-destructive tests, our
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proposed superstrate model outperformed the remomabdel in the minimum

necessity cycles. The harmonic simulation resuligpert the theoretical model
analyzing the mechanical behavior of our proposaperstrate metamaterial.
Afterward, transient analysis of numerical simuatand experiments are carried

out to evaluate the performance and effectivenedgeaemission enhancement.

4.2 Theoretical analysis

Fig. 4.1 shows a schematic illustration of the ainis enhancement for
omnidirectional shear horizontal waves that weridtéo realize with our elastic
metamaterial superstrate arrangement. In this relseathe complicated
omnidirectional propagation problem can be simgdifto a radial one-dimensional
propagation problem with axis-symmetry, as addiesseour previous work[80].
We aim here to investigate the theoretical backgown wave emission
enhancement phenomenon so that the effective memtiode! is used to substitute
the effect of the elastic metamaterial superstratel, we first establish the matrix
form of the omnidirectional wave propagation iniegitical coordinates. Based on
the matrix form, we interpret the wave emissionamement phenomenon using a
method of transfer matrix and scattering parametexshave never been proposed
in the omnidirectional propagating problem. We thextend the theoretical
interpretation from single to multi-layer to expdothe possibility of near-infinite

amplification.
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4.2.1 Transfer matrix and scattering parameter with the

effective medium

Now, we analyze the emission enhancement phenonadriba elastic metamaterial
superstrate substituted by the effective mediumgudie matrix form in Section 2.3.
Considering the analytical model as shown in Fig(&), the wave field in each
medium can be described with mechanical charatieparameters for the base

plate given k, and z,, and variables of the effective medium consistifigk ,

and Z_. Under these conditions, we will describe the nitagie of the transmitted

wave if the omnidirectional shear horizontal waemegrated from the source with

[~

+€“ passes through the effective medium with a winlthd located at the
radial position W .

Firstly, we need to examine the relation betweenntiagnitude of actuating source,
and the amplitude of the wave propagated throughest plate at the point =a.

Using the displacement continuity and force eqriilim condition, we can obtain

EZ}Z(ko,zo)H(ko,r)[g] <) (4.12)
[;j:Z(ko,zo)H(ko,r)[gj, @<r<w) (4.1b)
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Uy _| U 10
|:Urg:|r:a+ |:Ur9:|r:a_|:Fad:| (4.2)

where A, B, A, and B, denote the coefficient of waves propagating outivar
and inward in Medium 1 and 2, respectively. Meameyhin Medium 1, the axis-
symmetry condition leads the coefficiey and B, to be the same. Then, Egs.
(4.1a, b) and (4.2) are combined as

2AJ; (ka)

Al 4
[BJ—H(ko,a) _%sz(ka) (4.3)

Now, we use a transfer matrix defined in cylindricaordinates to analyze
omnidirectional propagating waves. In Medium 3, tfamsfer matrix representing a
relationship of wave motion between the poineW and r =W +d is defined

as

Tro r=w+d~ Tro r=w*

However, the matrix form of the wave motion in Maai 3 can be expressed in

An
B

m

[ﬂﬂ(km,zm)H(km,r){

] W<srsw+d) (4.5)
re
where A,, B,, k., and z, denote the coefficient of waves propagating outwar

and inward, wavenumber, and impedance in Effectifedium, respectively.
Substituting Eq. (4.5) into Eq. (4.4), the transfatrix T between left boundary

at r =W and right boundary at =W +d of Effective Medium is defined as
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T =2Z(K,, z,)H (k, W +d)H (kW) Z k,.Z,)" (4.6)
Moreover, the boundary conditions between two didar medium atr =W and

r =W +d lead following displacement continuity and foreiibrium

u [u
[} - } (4.72)
Og r=w- _0-"9 r=w*

{“9} - ”9} (4.7b)
Org r=W-+d~ _Jf9 r=w+d*

with

Y loz H (k <
[a } (. 2) <o,r>[c

ré 2

] W+d<r) (4.8)

where C, and C, denote the coefficient of waves propagating outwand

inward in Medium 3, respectively. Substituting tegs. (4.1b), (4.5) and (4.8) into
the Egs. (4.7a, b), we can get the relationshipvden the coefficients of incident,

reflected, and transmitted waves

Cl. A
Sl “

and the scattering matriXs is defined as

S=H(ky,W +d)™"Z(K,,2,) TZ (Kg, Zo)H (Ko W) (4.10)
Using the relation between the magnitude of theadstg force and the amplitude
of generated wave given in Eq. (4.3) with Egs. 48 (4.10), we can derive the

coefficients in the resultant wave field in Mediunaffected by the Effective

Medium:
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2AJ, (ka)

Cl _ -1
M S e v, @1

If there is no other dissimilar medium in>W +d , no reflection exist in Medium
3 so that the componer€, should be zero. Therefore, we can calculélg F,, ,

which denotes the amplified amplitude of the waektive to the magnitude of
actuating force, by solving Eqg. (4.11). Next, weth¢o compare the result to the
nominal case without an arrangement of the Effedthedium to assess the emission

enhancement. Considering the Effective Medium sawethe base plate, the

scattering matrixS becomes2x 2 identity matrix | , and the ratioC, ../ F..

,nom
can also be calculated with the same proceduren,The enhancement gai@ is

finally defined as

(4.12)

4.2.2 Gain of emission enhancement by effective medium layer

To understand the mechanical mechanism behind thissen enhancement
phenomenon of elastic metamaterial superstratesulstitute it with the Effective
Medium. However, the exact forms of the transfetrimmaT and the scattering
matrix S in Egs. (4.6) and (4.10) contain complex matriem@pions with Hankel

functions, making it challenging to explicitly impret the physical meaning of the
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system. To reveal the underlying physics, we emph@yasymptotic forms of the

Hankel function by assuminkW >>1 (as explained in Appendix A.2) as,

HY(2)= / Sy (4.13a)
H?(2) = ,/ie_i(zTZ) (4.13b)
Tz

where N denotes the order of Hankel function. Using thesgmptotic forms, the
relation in Section 4.2.1 can be rewritten. By sinsng Eqs. (4.13a, b) into Eq.

(4.6), the approximated form of transfer matrix is expressed as

T T cosk d sink_d
T=| " W wz, (4.14)
T, T22 W +d .
-wz, sink d cosk d
It is similar to that of the one-dimensional plamave, but it clearly shows that the
characteristics of an omnidirectional wave in whible amplitude decrease as it

propagates. Also, by substituting Eqgs. (4.13antw) Eq. (4.10) and combining with

Eq.(4.14), the approximated form of scattering mat$s is expressed as

:[Sﬂ 512} (4.15a)
%l S22
S, :i_[Zi cosk d— (2 +2m )sirkmdje‘“‘*’d (4.15b)
2 Zy 7
1z 7, . —iky (2W-+d ) ikgd
== (-2 + 2m)sink d : 4.15
Sa= (2 Pysink, e e (4.150)
1 7  z, o (2W+d) ik
S, ==(——+—")sink d€ 0 (4.15d)
2"z, 7
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s, :i_(Zi cosc,d+ (2 +2m )sirkmdje”‘f)d (4.15€)
2 2, %

On the other hand, we can unfold Eq. (4.3) anditevtras

AT 1 2H? (@)AJ,(ka) +H (@)f ~2H P (@AD, | () 160
B,| detH k,a) —2H{ (ka)AJ,(ka)-HO (Ka)f +2H P ka)AJ,| =

where

=t (4.17)

_zowk

Here, the resultant expression df can be obtained by substituting Eq. (4.15) into
the Eq. (4.11) with the conditiofC, =0 as

= _2A
S, H{? (ka) — S,;H ' (ka) (4.18)

X(J,(ka)(S,HY (ka) = S,H 5 (ka)) + I (ka)(=S ,H P(ka) + S ,H (ka)))

Then, substituting Eq. (4.18) into Eq. (4.16) letiwsexpression of coefficient,
given by

—2AJ,(ka)

ST s T et (4.19)

We can confirm that the relation afetS =1 is also valid with Eq. (4.15). Thus,

the solution of the ratioC, / f is derived as

= T 420
(S,H3? (ka) = S,H Y (ka)) + (=S, H P(ka) + S ,H P(ka)) xm

& 1
f
In the nominal case without the Effective Mediumsexthe scattering matrixS
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becomes identity matrix so that the components 3yg=0 and S, =1. Then,

the ratio C, ./ f is derived as

Cl,nom — - Jl(ka) : (421)
f —HP(ka)xJ,(ka) + H " (ka)) x J ,(ka)
With Egs. (4.20) and (4.21), the enhancement gainis obtained
_ 1
SZl + S22
_ 2i (4.22)

0

el [Zi cosk,d )+[i 2 4 G kw4 oy fm )} sink_d %
Z, % Z, 2

This result shows that we can expect the emissidmamcement through the

arrangement of effective medium with the necegpitymetric parameterg/ and
d , and effective propertiek,, and Z,.

Considering the case that the effective propéty is same withk,, and the ratio
of effective impedancez, (=i) is only varied, the magnitude of emission
z,

enhancement derived in Eq. (4.22) is rewritten as

2
G| T A (4.23a)
A= +§) -z —Zl)sinmwnsin«od ) (4.23D)
A, =2cosk,d + & —% )cos(RW )sirk,d (4.23c)
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To achieve the maximize45| under a conditionz. >1, the following two Fabry-
Perot resonance condition should be satisfied:
sin(kW)=1 (4.24)
sin(k,d)==1 (4.25)
And, these solutions lead to the maximiszi{ as
maxG|=z, (4.26)
when two geometric parameters are set to be

_(4n+))
= —4k0

W 7, (n=0,1,2,... (4.27)

d:(4m+1)7T (4m+ 3)r
2% 2

The solutions Eq. (4.24) and Eg. (4.25) yield tlwaildy Fabry-Perot resonance

, (M=0,1,2,... (4.28)

condition for an emission enhancement of omnidioaet shear horizontal wave
through the effective medium representing an effettelastic metamaterial
superstrate. It should be noticed that the formsobitions are similar to the Fabry-
Perot condition commonly used in one-dimensionappgation plane waves but

requires different phase variations. In additior, @an expect the maximum gain
G of emission enhancement proportional to the impeéaatio Z by installing

a single layer of elastic metamaterial superstrate.
On the other hand, the realization of this emissionancement effect is not limited

to a single layer. In other words, we can expeatdative emission improvements
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by arranging multiple layers of effective mediag.F4.2(b) shows an expanded
analytic model to an arrangement of multiple layefsan effective medium

representing each elastic metamaterial supersifaten” layer effective medium

consists of the effective wavenumbé, , and impedancez,,,,, located from the

left boundary I =1, to the right boundaryr =1 . given as

n-1 n
Mol :Z\Nu +d +W,, 1. :Z\Nu +d, (n=1--,N) (4.29)
i=1

i=1 i

Using Eq. (4.15), we can describe a scatteringima®" of thenlayer as

w3 3l
with
s :[coskm'ndn —% % ; ZZ” )sirkmvndn]e“"*’dn (4.30D)
s :%(_% + Z'Z“(;")sinkmyndne'ik"”"*””’”) (4.300)
s" =%(_% +%)sinkm,ndneik"“"“’"vR) (4.30d)
s = (coskmvndn +% Zm@n +% )sirkm‘ndn]e‘kodn (4.30¢)

denoting the relation of the outward and inwardhgoivave component in the left

and right side medium based on th® layer effective medium. Using Egs. (4.30

a-e), the relation between the Medium N+1 and Nmthe Fig. 2(b) is denoted as
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Cl —cN A\Hl
alela o2

therefore, the resultant wave field in Medium N+@nfi the wave actuation can be

obtained as

2AJ, (ka)

Cl — N -1
[Cj I BT (452

where R" denotes the resultant multiplication of the scattematrices,
N ﬁl »
RV=[¢S (4.33)

From the result of Eq. (4.22), the gai@" of emission enhancement b
multiple layers is given as

N 1

= = 4.34

R+ R 30
However, according to the inductive approaches(£83) can be decomposed with

the N™ layerand (N -1) multiple layers. We can define the following resion

formula on the gainG" by using the relation of complex conjugation betwéhe

diagonal components of the scattering mat8x as

N N
1S, S (4.35)

From the results of analysis on the single layeE@s. (4.22-4.28), the maximum

gain G" of the emission enhancement by arrangiNg multiple layers with the
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assumption of effective wavenumbeks,, equal to k; is

maxG" =z -z, (4.36)
where
Znn
z, = (4.37)
z,

when the following two Fabry-Perot resonance caoiaiét are satisfied for the design
of n" layer,

sin(,r,, )=1 (4.38)

sin(k,d, )=+1 (4.39)
The findings of our study suggest that by arrangimgtiple layers, it may be
possible to achieve near-infinite amplificationarhnidirectional shear horizontal
wave emission. We have determined that the keyinement for this phenomenon
is the appropriate geometry of each layer to forRahry-Perot cavity without any
interference between the other layers, enablingpeddent utilization of the gain

capacity. In our theoretical analysis, the assuongtimade on the wavenumbers
K, =Koare a distinctive feature of our proposed elastitamaterial superstrate,

which will be addressed in section 4.3.

4.3 Design of the elastic metamaterial superstrate

In this section, we examine the frequency resparfsthe elastic metamaterial
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superstrate, which was analyzed using an effegtisabstituted medium in the
previous section to achieve the emission enhandgomemomenon. We explore the
characteristics of the analytic solutions that émabe realization of emission
enhancement through appropriate geometries anctigffeoroperties. Additionally,
we will discuss the design of the elastic metanmteuperstrate that corresponds to
the theoretically explored effective medium. Tatlier confirm the effectiveness of

our approach, we perform numerical simulations gisiire proposed structure.

4.3.1 Characteristics of elastic metamaterial superstrate

Here, we suggest the method of the elastic metaiaktiperstrate design fully
representing an effective medium with the impedasrdg varying modeled in our
theory. We exploit the unique wave characteristicthe SHO mode, which is the
only non-dispersive wave mode in the plate-like @gides. Fig. 4.3(a) shows the
phase velocity of each shear horizontal wave mddffescan confirm that the phase
velocity of the SHO mode is unchanged along thdamae of frequency and
thickness of the plate, which shows a non-dispersharacteristic. Therefore, the
wavenumber does not change even if the thicknesssvat a fixed frequency within
a certain range of the frequency and the thickné#ise plate (the two products are
within a range of about 1.56 MHm=m or less). In this frequency range, we contrive
a novel elastic metamaterial superstrate thatdg sadesign.

Fig. 4.3(b) shows an outline of our metamateriglesstrate design. The proposed
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elastic metamaterial superstrate has identical ggwrparametersV and d as
those of the effective medium in the analytical elotlowever, it also has a variable
thickness t, in the z-direction, which allows for changes mpedance without

affecting the wavenumber. By affixing the desige&btic metamaterial superstrate,

we are able to achieve localized changes in impalarhe impedance of the base

plate z, is denoted ag ./ 0,G, , while the effective impedance, of the area

where the superstrate is attached is representetg(g;{;swoG0 , which is calculated
by adding the thickness of the base pléfe and the thickness of the superstrate

By following our design scheme, we are able toifiicamtly increase the effective
impedance; however, the maximum increase is limited by the thickness ofilate

and the target frequency.

4.3.2 Analytic discussion of elastic metamaterial superstrate

The analytic discussion based on our model isedmwut to determine the proper
design condition, including geometries and effectivoperties. Fig. 4.4 (a) shows a
frequency response on the effective medium modattoeve the gain maximized

at the target frequency 70 kHz. The base test @afi®en as an aluminum consisting

of density 0, =2700kgm™, young’s modulusE =70GPa and Poisson’s ratio

v =0.33 with the thicknessp,=1 mm. Therefore, the shear modul@® can be
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E , G :
calculated as—————, so that the phase velocity, = [— and the nominal

2(1+v)p, o

impedance z, of SHO mode arec,=3122m/s and z =8429.3gs"’ ,

respectively. For the wave generation, the posit@nof the actuating source is
given as 15 mm. From Eqgs. (4.27) and (4.28), we getnthe geometric design
solution sets for the target frequency 69.9 kHzgiasn in Tables 1 and 2. At our
desired frequency, we have chosen the geometreymersW and d to be 50.2

mm and 11.2 mm, respectively, for the compact systAnd, the effective

impedance Z; is set to be3z, for the discussion. With the selected geometric

parameters and effective parameter, the frequeasgonse of the gain by the
arrangement of single effective medium layer asiilesd in Eq. (4.23) is plotted.
We can observe that the analytically approximataith golution is maximized to
about 229.7% at the target frequency of 69.9 kHus Tesult coincides with our
theoretical prediction, which denotes that the idgyee ratio determines the
maximum gain as defined in Eq. (4.26). Moreoveralg® investigate two necessity
Fabry-Perot conditions to achieve maximized gaigsF4.4(b) and (c) show the
conditions of Egs. (4.24) and (4.25) are also Batiso that two phase conditions,

sin(k,d) and sin(Z,W ), are 1 at the desired frequency.

We also investigate how changes to geometric pasamand effective impedance
affect the gain. Fig. 5 shows a geometric effectrengain of our proposed model.

The analytic gain as functions &V and d with a fixed effective impedance

77



z,(=3z,)) isgivenin Fig. 4.5(a). It is possible to obseaveeriodic solution set line

that is relatively sensitive to the variab¥ and insensitive to the variabld . And
examining the phase conditions of the geometriampaters on the sine function
field offers a distinct understanding of the ungie physical implications, as
shown in Fig. 4.5(b). The anticipated amplificatinnreases consistently as the first
phase condition,sin(2,W ), for variable W approaches 1, while the second phase
condition, sin(k,d) , for variable d , has two directions that increase as it
approaches +1 and -1. Alternatively, considering itmpact of the alteration in
effective impedance, we can detect another effedhe amplification analyzed in
Eq. (4.26). Fig. 3.6 shows the frequency respomasiation of the gain under fixed
geometric conditions while only the ratio of théeefive impedance to the nominal
impedance is altered. By maintaining identical getsia parameters, the maximum
gain can be achieved at the same target frequémzy.the maximum gain is
amplified by 199.9%, 299.7%, and 398.6% by settirgimpedance ratiaz, to 2,

3, and 4, respectively, which is the same resuicag4.26). These results conclude
that it is analytically possible to increase thengaf emission enhancement by just

increasing the effective impedance.

4.4 Numerical ssmulation of the emission enhancement

To verify the analytical model of the effective med layer and the structural design
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of an elastic metamaterial superstrate, we pertbemumerical simulations using
COMSOL Multiphysics 5.3. In the numerical simulatjove create a Finite Element
Method (FEM) model with identical geometry conditioto the analytical model.
Based on the design outlined in Section 4.3.2etastic metamaterial superstrate is
made of aluminum, the same material as the test,pdand is implemented as a
hollow cylinder-type structure with an inner diaerebf W, a width of d , and a

height of t,. However, since the omnidirectional shear horiabwave exhibits

axisymmetric behavior, we conduct a wave analysth® 2D axisymmetric partial

pie-shaped model with asymmetric boundary condstiorreduce the computational
cost. The numerical verifications are conductedddress two aspects: 1) verifying
the effectiveness of the proposed elastic metamaserperstrate and its agreement
with the theory through harmonic simulation, ande®ting the dependence of the

capacity on the periodicity of the input signalaigh transient analysis.

4.4.1 Harmonic analysis

Fig. 3.7 depicts the gaifG | of displacement amplification as a function ofuhp

frequency by an elastic metamaterial superstrasggded with FEM model in the

harmonic condition. ere, each Figs. 3.7(a), (by &) denote the results of the

superstrate thicknest of 2 mm, 3 mm, and 4 mm, respectively, to denoéeratio

z of the effective impedance to the normal impedaiareesponds to 2, 3, and 4
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since the thicknessp, of the plate is 1 mm. The displacement field plate

provided at the peak frequency to help comprehkadviave emission enhancement
phenomenon of the elastic metamaterial superstateghe numerical simulation in
the harmonic condition, the outermost region hasnbgiven a PML(perfectly
matched layer) condition in order to fully confiine effect of the metamaterial
without considering the influence of the reflectedve. The numerical simulation
results demonstrate a frequency response simildretoheoretical predictions and
indicate that a maximum gaihG| proportional to the impedance ratio can be
achieved. This outcome provides evidence that ldtie metamaterial superstrate
designed in the FEM model is implemented as intéma¢he theoretical model and

exhibits the expected wave emission enhancemesttefAnd, examining the
displacement field plot of the FEM model at thekpraquency pr;ﬁ" of 68.5 kHz

in numerical simulation, it becomes apparent thatintensity of the emitted wave
is higher with the metamaterial superstrate instialh than without it and that this
intensity proportionally increases with thicknegs The discussion above confirms

that our theory and the proposed elastic metanahtsriperstrate design can
effectively explain and achieve the enhanced epmssiffect of omnidirectional

shear horizontal waves.
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4.4.2 Transient analysis

The analysis of the wave emission enhancement teffécthe metamaterial
superstrate, as previously confirmed through th@ae models and numerical
simulations, was conducted under the conditiomptiiting waves with an infinite
number of cycles and achieving a steady state ¢immut the entire system. To
confirm the practical feasibility of the proposedetamaterial superstrate, it is
necessary to assess the amplification effect oteamivaves under shorter input
cycles. In this respect, we conduct the transiealysis of the FEM model with
several cycles of wave signal inputted. We seleatéfdckness of the superstrate as

2 mm(t,=2p,) in transient analysis. With this selection, tta¢io z of the

effective impedance to the normal impedance iso8rgially resulting in a signal
amplification effect of up to 300%. Fig. 4.8 illustes a comparison of the
displacement magnitude over tinte at a particular point outside the metamaterial
superstrate, away from the excitation source, &l without the presence of a
superstrate. Here, the amplification effect offtiowing cases is compared where
a sinusoidal signalsin(2zft)x ¢<N /f, ), with N = 10, 20, and 30 cycles is,
respectively, input. As a result, the metamatesaperstrate showed a signal
amplification effect of 162%, 228%, and 298% foe thput signal of each cycle.
These imply that our designed metamaterial supatestexhibits a remarkable
enhancement of wave emission for short-period igyrtals with only 10 cycles.

Additionally, it can achieve its full potential wimore than 30 cycles of wave inputs.
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The transient analysis allows us to verify thatghgposed method is sufficient with
only a small cycle of signal input until it reackeebarmonic condition where perfect
performance is implemented in a simulation envirentnThe reason for this can be
attributed to the distinct design features: 1)dh de compactly designed within

around 3 wavelengthsi(=4.46cm  at target frequency). 2) The wave experiences

a locally increased impedance change as it propagttrough the system,
undergoing the effect of substitution with a diffiet material of the same wave speed
in the plane. Thus, achieving the FP resonancegshenon with a relatively small

number of input cycles is feasible.

4.5 Experimental validation

In this section, experimental validation on the €si@n enhancement capability of
our elastic metamaterial superstrate is carriedidwe experimental setup, illustrated
in Fig. 3.9(a) , involves using an aluminum pla&é@61, 1600 mrmx 900 mm) with

athickness p, of Imm was used as a waveguide. We install a wawsmitter and

sensor at a distance of 800mm from each other dlanforizontal centerline. Here,
we utilize a magnetostrictive patch transducer(MRTgenerate and measure the
shear horizontal waves that propagate uniformlglimirections[13]. For the MPT
configuration, we use an annular nickel patch withinner diameter of 24 mm and

an outer diameter of 55 mm and place a circulampeent magnet on top to form a
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magnetic field. The aluminum superstrate structev@uated in transient analysis,

is fabricated by laser beam machining to the dinogmssof W as 50.2 mm,d as
11.2 mm, and a thickness d@f as 2mm. The structure is then installed around the

actuating transducer, ensuring that the two cematsh well. We use epoxy resin
(DP-100) to attach the superstrate structure andsviB the plate and affix the
dissipative material, Blu-tack, to the edge of plete to prevent the reflected wave
from the boundary interfering with the estimation.

The following experimental procedure is carried futtwo cases: 1) without the
structure installation and 2) with the structurstafiation. Referring to the analysis
results of the transient simulation, we genera®@-aycle sine wave voltage signal
with a 100 mV peak-to-peak amplitude using a fuorctienerator (Agilent 33250A),
which is then amplified (30%G) by a power ampliff&G1017L) and sent to the
transmitter MPT. Following a deformation in the ket patch attached to the plate
caused by the magnetostrictive effect, a shearzbiotdal wave that propagates
omnidirectionally along the waveguide is generai%@é. measure the propagated
wave signal using the receiver MPT and amplifft@Qq0 times) with a preamplifier
(SR 560) before being input to the oscilloscopeQilay Waverunner 104MXI). To
minimize noise, we stored averaged data of 500 kmmld/e measure at 0.5 kHz
intervals within the 60 kHz to 75 kHz frequency ganto analyze the frequency
response of the structure. And the gain is obtaimedlividing the peak-to-peak
voltage amplitude of those two cases. The measunerasults are compared with

the theory and FEM simulation in Figure 3.9(b)islbbserved that the installation
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of the superstrate structure resulted in a 205.6%bliication of the amplitude of
the emitted wave at the peak frequency of 68.5 W, the gain spectrum of the
superstrate structure at varying excitation fregiesnwas found to be in agreement
with the tendency predicted by FEM simulation. Altigh it was predicted that

attaching the superstrate structure with a thickries of 3 mm could result in a gain

of up to 300% based on theory and FEM simulatitresactual amplification effect
observed was limited. This is attributed to thetigkly large contact area between
the plate and the structured / 4), strengthening the damping effect of the epoxy
layer. Although attenuation exists, the experintamtfirmed the effectiveness of the

proposed metamaterial superstrate in enhancingsamis

4.6 Summary

To enhance the emission power of the ultrasonitsttacer, we propose a superstrate
structure, a simple circular design with a high ngdbr the emission of
omnidirectional shear waves. The superstrate streids designed according to
geometric conditions that can form Fabry-Perotteavbased on a theoretical model
established using a transfer matrix and scattemagrix, which are modified and
defined to fit the cylindrical coordinates. In aiifolh, the amplification gain can be
determined exactly by adjusting the thickness efghperstrate made of the same

material as the target plate. As attaching the rstigge to the plate, only the

84



impedance of the bonded area is increased, whéheaphase speed and wave
number inward are unchanged. It is due to the cheviatics of a fundamental shear
horizontal wave, which are the only non-dispersivaong ultrasonic guided wave
modes.

The performance of the proposed elastic metamhtarjzerstrate is evaluated by
analytics, numerical simulations, and experimenic®the superstrate with the
target frequency of 70 kHz, determined by the dagbametric conditions, is bonded
to the test plate, we confirmed that the amplif@mabf the emitted wave amplitude
exactly follows the impedance ratio increment matkd by the thickness and
verified theoretical prediction through the harnwaialysis of numerical simulation.
Moreover, the performance of the superstrate strads affected by the number of
cycles required for the formation of Fabry-Peratittes. To assess its effectiveness,
we conducted a transient analysis of the supeesttaicture with an impedance ratio
of 3. The results showed that even in a short $ighd0 cycles, it exhibited a
significant amplification effect of 162% and petfgerformance over 30 cycles.
Also, our finding was validated by the experimenthich revealed that the
attachment of the superstrate structure resultedsignificant amplification effect
of 205.5% at the peak frequency. The proposed n&astic metamaterial
superstrate offers an innovative and compatibléenotefor enhancing the emission
of omnidirectional SH wave generated by any kinfdsansducers, which could be
useful for various purposes such as structural tihealonitoring (SHM) and

nondestructive testing (NDT) in the future.
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Table4.1 The geometric design solutions of the varialdle at the target frequency
70 kHz. (unit: mm)
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Table 4.2 The geometric design solutions of the varialkle at the target frequency
70 kHz. (unit: mm)

m=0 m=1 m=2

(4mt1l) (Am+3) (dm+1l) (Am+3) (dmt+l)  (4m+3)

d 11.2 33.5 55.8 78.2 100.5 122.8
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(b)

~ Omnidirectional SHy wave propagation
Actuating

Fig. 4.1 Schematics of an elastic metamaterial supersteibancing an
omnidirectional shear horizontal wave emission. RPadpagation pattern of the
waves generated from an excitation source on apihile structure. The amplitude
of the wave expressed by the darkness of the é®ldecreased with the inverse
square of the propagation distance. (b) lllustretiof an emission enhancement
through the installation of the superstrate stmgctu
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Fig. 4.9 The experimental setup and result data for vatidata) Experimental setup
with an illustration of the designed metamateriapeystrate installed on an
aluminum plate around the transmitter. (b) The mesbgain(squares) compared to
that of theory(solid lines) and FEM(circles).
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CHAPTER 5.

Conclusions

In this dissertation, elastic metamaterials, whicprove the transduction efficiency
of omnidirectional shear horizontal wave transdsidgara nondestructive manner,
were proposed. This method is independent and divigavith transducer types
such as magnetostrictive patch transducer, eleagostic-acoustic transducer, and
piezoelectric transducer, providing additional gaifor improvement through
reconstruction for all types of transducers. Tdizeahe unusual wave phenomenon,
special metamaterials to be installed on a test plashell in a design space outside
the transducer have been contrived. The commorigdiysinciples penetrating the
two metamaterials are impedance and Fabry-Perohaese. Both metamaterials
share common physical principles of impedance aalory=Perot resonance. To
clarify this relationship, rigorous analysis of kRametamaterial, including the
interpretation on mechanical mechanism, necesssigul conditions, and practical
effectiveness is conducted. The detailed investigatf this work can be

summarized as follows.
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First, the emission of the omnidirectional sheaizomtal wave can be enhanced by
employing a metamaterial ring designed based onetd@nator structure. The mass
and stiffness models allow us to interpret waviel§i@nd responses by metamaterial
ring based on resonance structure and to confienathplification of the output at a
certain frequency. Furthermore, the physical megniniherent here can be known
by interpreting an equivalent system in which thetamaterial ring is replaced with
an effective medium. Metamaterial ring reduce<ffective impedance of the inside
area where the transducer is installed, resultm@igh amplitude displacement.
Meanwhile, due to the impedance difference, thestratted wave through the
boundary decreases. However, forming a Fabry-Resoinance cavity inside at the
peak frequency through metamaterial ring can oveecthis problem and highly
enhance the wave emission. The design of the mé&taalaring is determined by
two independent variables, its resonance frequemzyradius, which determine its
performance and target frequency. The corresporstinigture was designed using
finite element analysis, and wave emission couldneroved by installing the
realized metamaterial ring structure. Numericaluations and experiments have
confirmed the validity and practicality of metaméérings for wave amplification

phenomena.

Secondly, an elastic metamaterial superstrate waithon-resonant structure is
proposed that can freely modulate the impedantleeofocal area and significantly

improve the emission of omnidirectional shear tmntal waves. Metamaterial
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superstrate is theoretically analyzed using transfatrix and scattering matrix
methods, which is useful for developing a gendrabty about the superposition of
gains through multiple arrays. In elastic mediayvevaroperties are generally
described in terms of density and modulus. Buteindt we define an effective
medium with effective wavenumber and effective ingrece derived from the two
properties and investigate the physics of the §ipaeave phenomena caused. Using
the scattering matrix method simplifies the quatitte analysis of waves
transmitted through an effective medium. The supees structure is designed by
two conditions independent of each other 1) geomé&irming a Fabry-Perot
resonance cavity, and 2) impedance determining dize of the emission
improvement gain. The realized metamaterial suggests a simple annular-shaped
structure consisting of radius, width, and heigit aan only change the impedance
of the local region. The amplification phenomenansed by superstrate could be
confirmed through harmonic analysis using numersiiadulation. In addition, the
practical usefulness of the proposed metamatenjaérstrate has been evaluated
through transient analysis and experiments, andeffisctiveness for emission

enhancement effects has been demonstrated.

In conclusion, this dissertation suggested two sypé elastic metamaterials to
achieve a high-performance transducer system capéleinhancing the emission of
omnidirectional shear horizontal waves. With ttseiphisticated theoretical analysis

and design methods, the proposed elastic metariatare expected to provide an
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innovative way to develop the omnidirectional tdunser, having been far behind
the unidirectional transducer. With the increasingportance of omnidirectional
waves in nondestructive testing and ultrasonic inggthese models have the

potential to contribute to significant advancementapplication performance.
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APPENDIX A.

Validation of approximation in theor etical analysis

A.1 Background for far-field approximation for meta-ring

To confirm the satisfaction of the far-field appiroation, we compare the exact

form and approximated form of the Hankel functionthe desired range of the

parameterz = KW. (BecauseW,; is frequency-dependent and/; =W, one can

use KW instead of KW, without loss of generality.) Because the Hankatfion

is a complex number valued, we divide thieahd the Z-order Hankel functions
into real and imaginary parts for comparison. FAgga) and (b) show that they are
in good agreement when the parameteis more than 6. To determine the
approximation condition accurately, we also caltadathe relative errors in the
magnitude and phase of the Hankel functions. Theypbotted in Fig. Al(c). The
relative errors are defined as follows:

[ (2] ~|H % )

Magnitude error of H" (2) as
‘Hi(,:g(acl (Z)‘

x100(%), (i=1,2), (A.1)
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o(H @) -0(H e (2)
2

Phase error ofH” (2) as x100(%), (i=1,2), (A.2)

where qo() denotes the phase of the complex number. Whepettzenetez is 7.32,

we used/N = 52mm at the target frequency of 69.9 kHz. Is thstance, the relative
errors in the magnitude and phase of Hankel funstiare 0.3% and 1.7%,
respectively, for the 1st-order Hankel functiond &8% and 4.0%, respectively, for
the 2nd -order Hankel function. Accordingly, the s the approximated forms of
the Hankel functions may be justified for the prasanalytic analysis performed to

predict the essential wave phenomena.

A.2 Validation of transfer matrix and scattering matrix

approximation

We discuss the validity of the far-field assumptik/ >>1 to approximate the
transfer matrix T in Eqg.(4.14) and the scattering matr® in Eq.(4.15). As
already analyzed in Section 2, these approximaiadd are transformed from the
exact forms of Egs. (4.6) and (4.10) by using thgmptotic form of the Hankel
function. To evaluate this process, we comparedctimponents of the exact and
approximated forms at the frequency range of istefiem 50 kHz to 90 kHz,
including the target frequency of 70 kHz, baseda@pecified geometry condition

W = 50.2 mm. (which leads tkW [J[5.05,9.09) Since each component is
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composed of a complex form, it is divided into alngart and an imaginary part for
comparison. Figs. (A2) and (A3) show the comparisbithe components in the
exact form and the approximated form of the transi@rix and the scattering matrix,
respectively. The results indicate that the redliaraginary parts of each component
in two forms for T and S match well in the broad frequency domain. Themsfor
it is reasonable to use the approximated formfi@fttansfer matrix and scattering

matrix to elucidate the fundamental principles um analysis.
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Fig. A.2 Comparison of the exact and approximated formscaftering matrixS .

Green and brown curves denote component of exatt &md approximated form,
respectively.
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