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Resumo

Nesta tese, os métodos de expansdo em ondas planas (PWE), expansio em ondas planas
melhorado (IPWE) e expansao em ondas planas estendido (EPWE) sdo utilizados para obter a
estrutura de banda de cristais fondnicos (PnCs) e de metamateriais elasticos (EMs) uni- (1D)
e bi-dimensionais (2D), isto é, estruturas artificiais projetadas para criarem bandas proibidas
de Bragg e/ou localmente ressonantes. Estas estruturas periddicas estdo sendo aplicadas em
varios ramos da ciéncia e possuem diversas aplicagdes — controle passivo/ativo de vibragao,
filtros/barreiras actsticas, metamateriais para captacdo de energia, guias de onda, dentre outras.
A principal aplicagdo considerada nesta tese € o controle passivo de vibracdo. Primeiro, as
formulacdoes do PWE, IPWE e EPWE sao apresentadas para alguns casos e vantagens e
limitacdes sdo discutidas. Os casos considerados sdo PnCs 1D de barra, cristais sonicos 2D
e EMs 1D de viga de Euler-Bernoulli. Posteriormente, alguns exemplos de propagacdo de
ondas mecanicas nestas estruturas periddicas sdo abordados através da andlise da estrutura de
banda. Em seguida, algumas aplicacdes dos PnCs e EMs para controle passivo de vibracao
sdo discutidas em artigos anexados. Inicialmente, a estrutura de banda e a resposta forcada
harmonica de um PnC simples de viga de Euler-Bernoulli sdo calculadas. Varios métodos
sdo aplicados e os resultados simulados podem localizar a posicdo e a largura das bandas
proibidas de Bragg proximas dos resultados experimentais. Posteriormente, ¢ considerada
a formacdo de bandas proibidas de ondas de flexdo em um PnC de placa com diferentes
inclusdes em redes quadrada e triangular, considerando-se a teoria de Mindlin-Reissner. O
melhor desempenho € encontrado para a inclusdo com se¢do transversal circular em uma rede
triangular. Em seguida, a estrutura de banda de ondas elasticas se propagando em PnCs com
nanoestruturas de carbono e em nanocristais fondnicos piezoelétricos com diferentes tipos de
rede e inclusdo sdo calculadas. Bandas proibidas totais entre os modos XY e Z sdo observadas
para todos os tipos de inclusdo. A piezoeletricidade influencia significativamente as bandas
proibidas para inclusdo circular vazada em frequéncias mais baixas. Posteriormente, um PnC
magnético-elétrico-elastico 2D é considerado. Diferentes tipos de rede e de inclusdo também
sdo considerados. A piezoeletricidade e o piezomagnetismo influenciam significativamente
as bandas proibidas. Finalmente, sdo considerados EMs 1D de viga de Euler-Bernoulli e 2D
de placa fina. A influéncia de ressonadores de um grau de liberdade e de multiplos graus de
liberdade periodicamente conectados nas células unitdrias do EM de viga de Euler-Bernoulli
e EM 2D de placa fina sdo investigadas. Diferentes configuracdes da distribuicdo dos resson-
adores sdo consideradas para investigar os mecanismos de formacao das bandas proibidas, isto
é, ressonancia local e espalhamento de Bragg.



Palavras-chave: Cristais fononicos, Metamateriais eldsticos, Bandas proibidas, Expansao em

ondas planas, Controle passivo de vibracao.



Abstract

In this thesis, plane wave expansion (PWE), improved plane wave expansion (IPWE) and
extended plane wave expansion (EPWE) methods are used in order to obtain the band structure
of one- (1D) and two-dimensional (2D) phononic crystals (PnCs) and elastic metamaterials
(EMs), i.e., artificial structures designed to open up Bragg-type and/or locally resonant band
gaps. Such periodic structures are being applied in many branches of science, and have many
applications — passive/active vibration control, acoustic barriers/filters, metamaterials-based
enhanced energy harvesting, waveguides, among others. The main application considered
in this thesis is passive vibration control. First, PWE, IPWE and EPWE formulations are
presented for some cases and advantages and drawbacks are discussed. The cases regarded are
1D PnC rods, 2D sonic crystals and 1D EM Euler-Bernoulli beams. Afterwards, some examples
of mechanical wave propagation in these periodic structures are addressed by means of band
structure analysis. Next, some applications of PnCs and EMs for passive vibration control are
discussed in attached papers. Initially, the band structure and harmonic forced response of
a simple 1D PnC Euler-Bernoulli beam are carried out. Several approaches are applied and
the simulated results can localize the Bragg-type band gap position and width close to the
experimental results. Next, it is considered the formation of flexural wave band gaps in a PnC
plate with different inclusions in square and triangular lattices, considering Mindlin-Reissner
theory. The best performance is found for circular cross section inclusion in a triangular lattice.
Afterwards, the band structure of elastic waves propagating in carbon nanostructure PnCs
and nano-piezoelectric PnCs with different types of lattice and inclusion are calculated. Full
band gaps between XY and Z modes are observed for all types of inclusions. Piezoelectricity
influences significantly the band gaps for hollow circular inclusion in lower frequencies. After
that, a magnetoelectroelastic 2D PnC is considered. Different types of lattice and inclusion
are also addressed. Piezoelectricity and piezomagnetism influence significantly the band gaps.
Finally, 1D EM Euler-Bernoulli beams and 2D EM thin plates are regarded. The influence of
single degree of freedom and multiple degrees of freedom resonators periodically attached in
unit cells of the EM Euler-Bernoulli beam and 2D EM thin plate are investigated. Different
configurations of resonator distribution are carried out in order to investigate the band gap

formation mechanisms, i.e., local resonance and Bragg scattering.

Keywords: Phononic crystals, Elastic metamaterials, Band gaps, Plane wave expansion, Passive

vibration control.
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1 INTRODUCTION
1.1 Motivation

In the early 30’s, the band theory of conduction had been established by Alan Herries
Wilson (Wilson, 1931) and the concept of band gaps had been developed. He formulated a the-
ory explaining how energy bands of electrons can make a material as conductor, semiconductor
or insulator. Similarly to the electronic band gaps for semiconductors and insulators, in the late
80’s, Yablonovitch (1987) and John (1987) simultaneously started to study photonic band gaps
in photonic crystals. Photonic crystals can be defined as artificial composites consisting of peri-
odic distribution of dielectric scatterers embedded in a host medium with different dielectric
properties. Yablonovitch (1987) and John (1987) triggered the primary emphasis in periodic
systems due to the propagation properties of electromagnetic waves inside of photonic crystals.
They observed that photonic crystals exhibit ranges of frequencies related to the structure peri-
odicity where there are no electromagnetic propagating waves, i.e., photonic band gaps. There
are only electromagnetic evanescent waves in these ranges of frequencies.

After the advent of photonic crystals, phononic crystals (PnCs) were proposed (Sigalas
and Economou, 1992; Sigalas and Economou, 1993). For a brief review of phononic band struc-
tures, see the study of Kushwaha et al. (1994). PnCs are artificial periodic composites designed
to exhibit phononic band gaps. Similar to photonic crystals, there are no mechanical (elastic or
acoustic) propagating waves in phononic band gaps, only evanescent waves. These band gaps
are opened up by the periodically mismatch between the constituent materials. This mismatch
can be considered to arise either from difference of material properties or geometry (continuum-
scale theory), or from interatomic force constants and masses (atomic-scale theory). The acous-
tic version of a PnC is known as a sonic crystal (SnC). An important study about SnCs was
performed by Martinez-Sala and co-workers in 1995 (Martinez-Sala et al., 1995) and since
then the enthusiasm related to these periodic structures appears because of their applications in
several branches of science and technology (Liu et al., 2000a; Ho et al., 2003).

The physical origin of phononic and photonic band gaps can be understood at micro-scale
using the classical wave theory to describe the Bragg and Mie resonances based on the scattering
of mechanical and electromagnetic waves propagating within the crystal. In addition, for mod-
elling acousto-optical interactions at microscale and nanoscale, much effort has been devoted
in order to open simultaneous phononic and photonic band gaps. The materials which provide
simultaneous phononic and photonic band gaps are known as phoxonic crystals (Maldovan and
Thomas, 2006).

PnCs have many applications, such as vibration isolation technology (Jensen, 2003; Cas-
adei et al., 2012a), acoustic barriers/filters (Ho et al., 2003), noise suppression devices (Casadei
et al., 2012b), sound shields (Gorishnyy et al., 2005), surface acoustic devices (Benchabane
et al., 2006), acoustic diodes (Cheng et al., 2007), architectural design (Comerio, 2006), piezo-
electric PnCs (Qian et al., 2008), piezomagnetic PnCs (Robillard et al., 2009), magnetoelec-
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troelastic PnCs (Wang et al., 2008), PnCs with defects for waveguides or to constitute resonat-
ors or filters (Feng et al., 2015), among others. Figure 1.1 illustrates some examples of PnCs. In
this thesis, different applications of PnCs for passive vibration control are explored, i.e., flexural
wave band gaps in one-dimensional (1D) PnC Euler-Bernoulli beams with steel and polyethyl-
ene (Appendix A), flexural wave band gaps in Al;Os/epoxy thick plates (Appendix B), carbon
nanostructure and nano-piezoelectric PnCs for vibration management in GHz (Appendices C

and D), and full band gaps in magnetoelectroelastic PnCs (Appendix E).
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Figure 1.1: Examples of PnC applications: an scanning electron microscope (SEM) image
showing the PnC and aluminum nitride (AIN) transducers (Soliman ez al., 2010) (a), a spider
web woven by a garden spider Araneus diadematus and unit cells of a spider webstructured
labyrinthine acoustic metamaterials (Krushynska et al., 2017a) (b), a sustainable SnC made of
resonating bamboo rods (array of Helmholtz resonators) (Lagarrigue et al., 2013) (c¢), and cross
sections of three supercells of PnCs with linear defects (Li and Liu, 2017) (d).

Besides the concepts of photonic, phononic and phoxonic crystals, another important class
of materials are the metamaterials. Metamaterials are engineered materials which exhibit unique
properties that are not commonly observed or physically inconceivable in nature. The first ef-
forts in order to develop these unusual materials had been mostly focussed on new electromag-
netic materials to control electromagnetic waves. The concept of metamaterial was proposed
from the study of Veselago (1968). He demonstrated theoretically that materials with simultan-

eous negative permittivity and permeability possess a negative refractive index under certain
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frequencies. Due to the technology limitation in synthesis and fabrication, this novel concept
remained to be an academic curiosity at that time (Li and Wang, 2016a). Recently, with the
possibility of designing this type of metamaterials (known as left-handed electromagnetic ma-
terials or electromagnetic metamaterials or locally resonant photonic crystals), for instance us-
ing three-dimensional (3D) printing, they were successfully developed to achieve effectively
negative permittivity and permeability (Smith et al., 2000; Shelby et al., 2001; Pendry, 2006).

Similar to the electromagnetic metamaterials, in recent years, mechanical (acoustic or
elastic) metamaterials (MMs), also known as locally resonant PnCs, were designed. MMs ex-
hibit negative effective mass and/or negative modulus. The main difference between PnCs and
MMs is associated with the band gap formation. In PnC investigation, band gap formation is
based on the Bragg scattering mechanism, whose frequency location is governed by Bragg’s
law, i.e., asin @ = n(\/2),(n € N5), where 6 is the incident angle, « is the lattice parameter of
periodic system and A is the wave length in host material. Bragg’s law implies that is difficult to
achieve a low-frequency Bragg-type band gap for small size PnCs. Difficulties to design PnCs
with low frequency band gaps for small sizes instigated researchers to explore other dissipative
mechanisms together with periodicity effect, such as local mechanical resonance in MMs. A
brief discussion about locally resonant and Bragg-type band gaps is provided in Annexe A.3.

The first design of such materials was developed by Liu et al. (2000a). They considered
embedding heavy spheres coated with soft silicon rubber in epoxy to obtain, experiment-
ally, negative mass at certain loading frequencies. The underlying mechanism related to these
metamaterials is the local mechanical resonance. These resonance-type band gaps were ob-
tained by Liu ef al. (2000a) in a frequency range two orders of magnitude lower than that given
by the Bragg’s limit. Locally resonant band gaps arise on the vicinity of resonator natural fre-
quency and they do not depend on periodicity, while Bragg-type band gaps typically occur at
wave lengths of the order of unit cell size. Even though PnCs and MMs have different concepts,
as explained, some authors consider the MMs as an application of PnCs. Hence, MMs are also
known as locally resonant PnCs, as already mentioned.

MMs have been extensively applied in the last years, for instance, as harnessed shape
morphing (Cheng et al., 2014a), topological protection (Chen et al., 2014), instabilities and
non-linear response (Bertoldi et al., 2010), resonant circuit shunts (Zhou et al., 2015), sustain-
able metamaterials (Lagarrigue et al., 2013), piezoelectric metastructures (Sugino et al., 2017),
bio-inspired metamaterials (Krushynska et al., 2017a), metamaterials supporting edge waves
(Pal and Ruzzene, 2017), metamaterials-based enhanced energy harvesting (Chen et al., 2014),
thermal metamaterials (Davis and Hussein, 2014), granular crystals (nonlinear metamaterials)
(Chong et al., 2017), among others. Figure 1.2 shows some MM applications. In this thesis,
elastic metamaterial (EM) beams (Appendix F) and plates (Appendix G) with multiple periodic
arrays of multiple degrees of freedom (M-DOF) resonators are investigated for passive vibration
control.

In order to handle PnCs and EMs, many methods have been applied, such as finite element
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(c) (d)

Figure 1.2: Examples of MM applications: edge waves in elastic metamaterial plates (Pal and
Ruzzene, 2017) (a), a unit cell of a two-dimensional PnC with circuits of orthogonal lattice and
Wigner-Seitz unit cells for orthogonal, triangular and hexagonal lattices (Lian et al., 2016) (b),
a metamaterial plate with pillars and a trampoline metamaterial composed of pillars and holes
(Bilal et al., 2017) (c) and an EM plate with a periodic stubbed surface consisting of 10 x 10
silicone rubber stubs deposited on a thin aluminum plate (Oudich et al., 2011) (d).

(FE) (Wen et al., 2009), spectral element (SE) (Wu et al., 2009), wave finite element (WFE)
(Nobrega et al., 2016), wave spectral element (WSE) (Nobrega et al., 2016), wave spectral
finite element (WSFE) (Nascimento, 2009), boundary element (BE) (Henriquez et al., 2017),
plane wave expansion (PWE) (Kushwaha et al., 1994), improved plane wave expansion (IPWE)
(Xie et al., 2017), extended plane wave expansion (EPWE) (Laude et al., 2009), hybrid finite
element-plane wave expansion (FE-PWE) (Mazzotti et al., 2017), finite-difference time-domain
method (FDTD) (Cao et al., 2004), wavelet-based (Yan er al., 2008), transfer matrix (TM) (Ni
et al., 2014), multi-scattering theory (MST) (Liu et al., 2000b) methods, among others.

All the methods mentioned have advantages and drawbacks (Li et al., 2016b). In this
thesis, the methods most used to calculate the band structure, also know as dispersion relation
or dispersion diagram, of PnCs and EMs are the PWE, IPWE and EPWE methods. However,
FE, SE, TM, WFE and WSE methods are also used for some cases (Appendices A and F), in
order to compare and to calculate the harmonic forced response of PnCs and EMs.

Since PnCs and MMs exhibit properties and functionalities that cannot be realized by
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conventional materials and with the advances of additive manufacturing and nanofabrication,
the design of new PnCs and MMs for passive vibration control is a current research topic and
its application seems to constitute an open research topic. Bertoldi et al. (2017) outlined future

challenges for the design, creation and conceptualization of advanced MMs.

1.2 Literature review

Wave propagation in periodic structures (Yablonovitch, 1987; Kushwaha et al., 1994;
Martinez-Sala et al., 1995) has received increasing attention in the last years. In this subsection,

some studies about PnCs, SnCs and MMs are addressed.

1.2.1 Phononic crystals

The first study about PnCs was carried out by Sigalas and Economou (1992). They re-
garded a PnC composed by periodic spheres embedded in a matrix, i.e., 3D periodicity. Bulk
wave propagation in an isotropic PnC solid was addressed and a phononic band gap was ob-
served theoretically for the first time using the PWE approach. Other initial investigations
(Sigalas and Economou, 1993; Kushwaha et al., 1993; Kushwaha et al., 1994) were also very
important in order to stablish basic concepts related to PnCs. One of first reviews about PnCs
was reported by Kushwaha (1996a). He focused on a briefly systematic survey of the histor-
ical development of the principles, tools and applications of band theory for electrons, photons,
phonons and vibrations giving some background for basic concepts of photonic and phononic
crystals.

After the PnC emergence in nineties, many researches have been developed. Djafari-
Rouhani er al. (2008) investigated the existence of absolute band gaps and localized modes
related to a guide in thin films of PnCs. Two different structures based on two-dimensional (2D)
PnCs were considered, namely a free standing plate and a plate deposited on a silicon substrate.
The 2D PnC was constituted by a square array of cylindrical holes drilled in an active piezo-
electric PZTSA matrix. They demonstrated the existence of an absolute band gap in the band
structure of the PnC plate and the possibility of guided modes inside a linear defect created by
removing one row of air holes.

Based on Mindlin’s piezoelectric plate theory and on the PWE, Hsu and Wu (2008) pro-
posed a formulation to study the frequency band gaps and dispersion relations of the lower-order
Lamb waves in 2D piezoelectric PnC plates. The method was applied to analyse PnC plates
composed by solid-solid and air-solid constituents with square and triangular lattices, respect-
ively. For solid/solid PnC plates, it was suggested that the filling material can be chosen with
larger mass density, proper stiffness, and weak anisotropic factor embedded in a soft matrix in
order to obtain wider complete band gaps of the lower-order Lamb waves. On the other hand,

for air/solid PnC plates, a background material itself with proper anisotropy and a high filling
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fraction of air may favour the opening of the complete Lamb wave gaps.

Wang et al. (2009) explored the elastic wave propagation in periodic cylinder magne-
toelectroelastic PnCs with Kagomé lattice. The band structure characteristics of magnetoelec-
troelastic rods embedded in polymer matrix and the reverse case were investigated taking the
electric, magnetic and mechanical coupling effects into account. The generalised eigenvalue
equation was derived to analyse the in-plane and out-of-plane modes, respectively. They ob-
served that the rule that high-density rods in low-density matrix is more easily to generate
wave band gaps for pure elastic solid/solid periodic structures is also valid for the magnetoelec-
troelastic composites. Furthermore, the band gap properties and widths can be affected by the
magnetoelectric effects.

Zhou et al. (2011) analysed theoretically the modulation of band gaps of in-plane elastic
waves by the out-of-plane wave number that is parallel to the piezoelectric material rod axis in
piezoelectric PnCs. The dependence of band gaps of in-plane elastic waves on the out-of-plane
wave number and the filling fraction was calculated with and without the piezoelectricity. The
in-plane band gaps can be opened (or closed) and the in-plane wave modes can be tuned by
controlling the propagation of out-of-plane elastic waves. The in-plane band gap in the low-
frequency range can be easily obtained by introducing an out-of-plane wave number, and was
almost independent of the piezoelectricity. However, the widths and starting frequencies of in-
plane band gaps in a relatively high-frequency range can be modulated by the filling fraction
and piezoelectricity. The authors highlighted that the piezoelectric PnC is very useful in the
design of ultrasonic transducers to avoid the invalid modes of in-plane elastic waves without
affecting the working modes corresponding to the out-of-plane wave number.

Feng and Liu (2012) studied experimentally and theoretically the mechanism for the shift
of the band gap in two kinds of finite PnCs, i.e., steel/epoxy and aluminium/epoxy with different
initial stresses. The experimental results and theoretical analysis simultaneously indicated that
the initial stress efficiently tune the location and width of band gap.

Escalante et al. (2013) investigated the dispersion of PnC waveguides formed by evan-
escent coupling of a chain of defect cavities and supporting slow-wave propagation. It was
considered a 2D PnC with square lattice of tungsten inclusions in a silicon matrix. The coupled-
resonator acoustic waveguide dispersion can be controlled by increasing the distance between
cavities, with the result of decreasing their coupling, and hence flattening the dispersion relation.

Huang et al. (2014) studied the band structures of shear horizontal waves in a periodic-
ally corrugated piezoelectric plate by using the supercell plane wave expansion method. The
periodically corrugated piezoelectric plates with different types of symmetry gave rise to dif-
ferent kinds of band gaps and the associated defect states. The increase of defect size lowers
the frequency of defect bands, and it can be used to tune the narrow-passband frequencies in
band gaps. Symmetry breaking was also introduced by reducing the lower corrugation depth of
the periodically corrugated piezoelectric plate. Results showed that symmetry breaking leads to

both the appearance and disappearance of new kinds of band gaps and the corresponding defect
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bands in these band gaps.

Feng et al. (2015) proposed a methodology for continuous tuning of confined line de-
fect modes in 2D PnCs with hexagonal lattice. Different from the general method, where line
defects are formed by removing several rows of cells from a perfect PnC, the line defect was
considered as a free vibrating plate, and separated from the surrounding phononic structure.
Thus, width of the line defect was adjusted. Resonant frequency of the confined defect mode
could be continuously modified, and precisely determined to keep it locating at the central part
of the phononic band gaps. It was also illustrated that different resonant modes (i.e., flexural
and extensional modes) have different relationships with the width of the line defect, and the
unwanted resonant mode could be excluded from the phononic band gaps by carefully selecting
the defect width. The simulation results indicated that each defect mode has an optimal width,
in which case quality factor of the defect mode is maximum.

Bayat and Gordaninejad (2015) presented the wave propagation in a tunable PnC with
square lattice consisting of a porous hyperelastic magnetorheological elastomer subjected to an
external magnetic field. They observed that finite deformations and magnetic induction influ-
ence PnC characteristics through altering the geometry and material properties of the unit cell.
They demonstrated that large deformations and magnetic induction could change the location
and width of band gaps.

Guo et al. (2016) studied the effects of functionally graded interlayers on dispersion rela-
tions of elastic waves in a 1D piezoelectric/piezomagnetic PnC. Based on the transfer matrices
of the piezoelectric slab, piezomagnetic slab and functionally graded interlayers, the total trans-
fer matrix of a single cell was obtained. Further, from Floquet-Bloch’s theorem, resultant dis-
persion equations of in-plane and anti-plane Bloch waves were obtained. Five kinds of profiles
of functionally graded interlayers between a piezoelectric slab and a piezomagnetic slab were
considered. It was shown that the functionally graded interlayers have evident influence on the
band structures and band gaps.

Sadat and Wang (2016) investigated colloidal nanocrystal superlattices as PnCs with 3D
periodicity. The nanoscale periodicity and acoustic contrast between the hard nanocrystal cores
and soft ligand matrix led to phononic band gaps with centre frequencies on the order of ~10?
GHz and band gap widths on the order of ~10 GHz. Moreover, these characteristics can be
tuned by changing the nanocrystal core diameter, nanocrystal core elastic modulus, interparticle
distance, and ligand modulus. They underlined that colloidal nanocrystal superlattices are prom-
ising candidates for use in high frequency PnC applications that exert control over sound and
heat.

Schneider et al. (2016) reported an indirect hypersonic phononic band gap and an anom-
alous dispersion of the acoustic-like branch from inelastic (Brillouin) light scattering experi-
ments under varying applied elastic strains. They showed the mechanical nonlinearity of the
silk structure generates a unique region of negative group velocity, that together with the global

(mechanical) anisotropy provides novel symmetry conditions for band gap formation.
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Chen et al. (2017) extended the bi-directional evolutionary structure optimization (BESO)
method to design PnCs for maximizing spatial decay of evanescent waves. The optimization
objective was to enlarge the minimum imaginary part of wave vectors at a specified frequency.
They considered bulk wave propagation (out-of-plane and in-plane waves) in isotropic PnCs
with 2D periodicity and square lattice. Numerical examples demonstrated that the optimization
algorithm proposed was effective for designing PnCs with maximum spatial decay of evanescent
waves. Various topological patterns of optimized PnCs were obtained.

Qian and Shi (2017) coupled the PWE and FE methods to calculate the band structures
of semi-infinite beam-like PnCs with infinite periodicity in z direction and finiteness in xy
plane. Explicit matrix formulations were developed for the calculation of band structures. First,
PWE/FE method was applied to calculate the band structures of the Pb/rubber beam-like PnCs
with circular and rectangular cross sections, respectively. Then, it was used to obtain the band
structures of steel/epoxy and steel/aluminium beam-like PnCs with the same geometric para-
meters. Last, the band structure of the three-component beam-like PnC was calculated by the
proposed method. Furthermore, all the results from the PWE/FE method were compared with
those calculated by FE, and the corresponding results were in good agreement.

For some brief reviews about PnCs, see for instance the studies of Pennec et al. (2010),
Li and Wang (2012) and Kushwaha (2016).

1.2.2 Sonic crystals

As mentioned before, SnCs are the acoustic version of PnCs. Laude (2015) defines SnCs
as artificial crystals for acoustic or pressure waves in fluids. In the literature, the terms PnC
and SnC are often used indifferently for all cases of artificial crystals, considering mechanical
waves. However, in this thesis, SnCs are associated with acoustic waves, whereas PnCs are re-
lated to elastic waves. Some common examples of SnCs are fluid inclusions in a fluid matrix
and solid inclusions in a fluid matrix. For the last case, it is not regarded the coupling among
elastic and acoustic waves, and some associated effects. It must be underlined that fluid inclu-
sions in a solid matrix is considered as a PnC. In Annexe A.2, it is discussed the equations that
describe acoustic and elastic waves in SnCs and PnCs, respectively.

Kushwaha et al. (1998) calculated extensive the band structures for cubic arrays of ri-
gid spheres and cubes in air. Full band gaps were obtained for the face-centred-cubic structure.
However, there was no band gap for the body-centered-cubic and simple-cubic structures. They
also proposed a tandem structure that allows the achievement of an ultrawideband filter for en-
vironmental or industrial noise in the desired frequency range. The authors mentioned that their
study was motivated by the experimental measurement of sound attenuation on the sculpture,
by Eusebio Sempere, exhibited at the Juan March Foundation in Madrid (Martinez-Sala et al.,
1995).
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Zhang et al. (2004) investigated defect modes created by introducing a bend-shaped lin-
ear defect in a 2D SnC consisting of water cylinders in mercury background. They used the
supercell plane wave approach. The bend-shaped linear defect was made up of water cylinders
with different size, and the size of the defect cylinders was shown to strongly influence the de-
fect modes existing in the frequency regime of the band gap. By analysing the pressure field of
defect modes, they found the waves are localized in the bend-shaped linear defect. It provided
a foundation in theory to design a bent waveguide in engineering application.

Martinez-Sala et al. (2006) demonstrated that it is possible to improve the sound attenu-
ation obtained from a mass of trees by arranging them in a periodic lattice. The outdoor experi-
mental results showed that the largest sound attenuation, within a certain range of frequencies,
was obtained for a range of frequencies associated with the array periodicity. These arrays of
trees worked like SnCs. Therefore, the authors suggested that these periodic arrays could be
used as green acoustic screens.

Qiu and Liu (2006) investigated numerically the radiation of a line acoustic source placed
inside a SnC of square lattice composed by steel inclusions in water. Their results showed that it
is possible to obtain a highly directional acoustic source with a large radiation enhancement, op-
erating at the band-edge frequency of the SnC. The angular distributions of the radiation power
and the radiation enhancement factor are strongly dependent on the position of the acoustic
source relative to the unit cell in which it is placed.

Romero-Garcia et al. (2007) presented an interferometric method of characterizing dir-
ectly the refraction index of SnCs. They focused their research on SnCs constructed with a
periodic distribution of rigid cylinders in air. The interferometric method used was based on the
acoustical analog of an optical device called Fresnel’s biprism. Their numerical results were in
good agreement with the experimental results and allowed to estimate the refraction index for
very low frequencies. They concluded that this method offers certain advantages with respect
to the classical method used to obtain the refraction index in SnCs with airborne propagation,
that is the phase delay method.

Sanchez-Dehesa et al. (2011) studied noise barriers based on SnCs made of cylinders that
used recycled materials like absorbing component. The barriers consisted of only three rows of
perforated metal shells filled with rubber crumb. Measurements of reflectance and transmittance
by these barriers were reported. The attenuation properties resulted from a combination of sound
absorption by the rubber crumb and reflection by the periodic distribution of scatterers. They
concluded that the porous cylinders can be used as building blocks in order to design barriers
adapted to different noisy environments.

Romero-Garcia et al. (2012) reported theoretically and experimentally inverse-designed
scattering acoustical elements, called quasi-ordered structures, showing their possibilities as
attenuation devices. Multiobjective evolutionary algorithms together with MST were used to
design a distribution of vacancies in a SnC in order to create a quasi-ordered structure with

predetermined properties. The authors highlighted that moulding the acoustic attenuation is one
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of the most important properties for the design of effective filters.

Castifeira-Ibafiez et al. (2012) presented the design and the manufacturing processes,
as well as the acoustics standardization tests, of an acoustic barrier formed by a set of multi-
phenomena cylindrical scatterers. The multiple scattering of waves inside SnCs led to attenu-
ation bands related to the periodicity of the structure by means of Bragg scattering. In order to
design the acoustic barrier, they proposed two strategies, i.e., the arrangement of scatterers was
based on fractal geometries to maximize the Bragg scattering and multi-phenomena scatterers
with several noise control mechanisms, as resonances or absorption, were designed and used
to construct the periodic array. They asserted that the acoustic barrier designed provides a high
technological solution in the field of noise control.

Martins et al. (2013) used 2D SnCs as noise barriers to mitigate road traffic noise by
means of an approach based on a numerical technique called the method of fundamental solu-
tions. The method of fundamental solutions was used to evaluate the performance of SnCs
composed by circular inclusions, studying the effect of varying dimensions and spacing of the
crystal elements as well as their acoustic absorption in the sound attenuation provided by the
global structure. When comparing the effect of using a triangular or square lattice, the results
showed a trend for better performance, in terms of the calculated insertion loss, when structures
with a triangular lattice were used.

Morandi et al. (2016) carried out sound insulation and sound reflection measurements
conducted over SnC noise barriers according to the European standards EN 1793-2, EN 1793-5
and EN 1793-6. They performed free-field measurements over a real-sized sample in order to
window out all diffraction components and to verify the points of strength and weakness of the
application of standardised measurements to SnCs. Since the target frequency range for traffic
noise spectrum is centred at around 1000 Hz, as mentioned by them, a FE based parametric
investigation was performed to design unit cells capable of generating band gaps in the one-
third octave bands ranging from 800 Hz to 1250 Hz. Then, 3 x 3 m SnC noise barriers were
installed in the Laboratory of the University of Bologna and sound insulation and sound re-
flection measurements were performed for normal incidence. The standardised measurements

allowed a direct comparison between the performance of SnCs and common noise barriers.

1.2.3 Mechanical metamaterials

Lagarrigue et al. (2013) investigated experimentally and theoretically the acoustic trans-
mission coefficient of a MM made of hollow bamboo rods. The hollow bamboo rods were
drilled between each node to create an array of Helmholtz resonators. It was shown that the
presence of Helmholtz resonators leads to locally resonant band gaps in the low-frequency part
of the transmission coefficient.

Cheng and Shi (2014b) studied the attenuation zones of 2D periodic rubber concrete pan-
els. Both the Bragg-scattering periodic panels (PnCs) and the local-resonant periodic panels
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(EMs) were addressed. They found that complete attenuation zones in the low frequency region
can be obtained in the considered panels by proper design. Furthermore, the study of parameters
showed that non-symmetric periodic panels with directional attenuation zones are much suit-
able for engineering applications. This investigation also showed that vibration can be reduced
significantly by using a periodic structure with only three units.

Zhu et al. (2015) studied analytically and numerically plane wave propagation and re-
flection in semi-infinite EMs with doubly or triply negative material properties. The unique
negative refractions for the longitudinal and transverse waves were captured by the proposed
generalized Snell’s law. The effects of different angles of incidence were also investigated for
both double-negative and triple-negative transmitted media and some unusual wave propaga-
tion phenomena, such as complete wave mode conversion was numerically demonstrated. They
mentioned that this study can serve as the theoretical foundation for engineering and designing
general metamaterial-based elastic wave devices.

Xiao et al. (2014) reported theoretical examination and experimental demonstration of
EM plates consisting of a periodic array of beam-like resonators attached to a thin homogeneous
plate. They demonstrated that a low-frequency complete band gap for flexural plate waves can
be created in the proposed structure owing to the interaction between the localized resonant
modes of the beam-like resonators and the flexural wave modes of the host plate. They showed
that the location and width of the complete band gap can be dramatically tuned by changing
the properties of the beam-like resonators. They also performed experimental measurements of
a specimen fabricated by an array of double-stacked aluminium beam-like resonators attached
to a thin aluminium plate with 5 cm structure periodicity. The experimental results evidenced
a complete band gap extending from 465 Hz to 860 Hz, matching well with their theoretical
prediction.

Assouar et al. (2016) provided theoretical and numerical analyses of the behaviour of
an acoustic metamaterial plate considered in an air-borne sound environment in view of sound
mitigation application. They regarded two plate configurations, that is a spring-mass one and
a pillar system-based one. They observed that a high sound transmission loss up to 82 dB was
reached with a metamaterial plate with a thickness of 0.5 mm. Comparison between sound trans-
mission loss, band structure, displacement fields and effective mass density of the metamaterial
plate was performed in order to understand the different mechanisms involved.

Achaoui et al. (2016) investigated stop band properties of a theoretical cubic array of iron
spheres connected to a bulk of concrete via iron or rubber ligaments. Each sphere moved freely
within a surrounding air cavity, however, ligaments coupled it to the bulk and facilitated bending
and rotational motions. They found complete band gaps in the range [16, 21] Hz ([6, 11] Hz)
for 7.4 m (0.74 m) diameter iron spheres with a 10 m (1 m) centre-to-centre spacing, when
they were connected to concrete via steel (rubber) ligaments. They observed that only bending
modes were responsible for damping and rotational modes were totally overwritten by bending
modes. The authors highlighted that their results represented a preliminary step in the design of
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seismic shields placed around, or underneath, foundations of large civil infrastructures.

Claeys et al. (2016) performed the numerical design and experimental validation of acous-
tic insulation based on the concept of metamaterials: a hollow core periodic sandwich structure
with added local resonant structures. They studied a set of variations on the nominal design
in order to investigate the sensitivity to specific parameters in the metamaterial design and the
design robustness. The stop bands were numerically predicted through unit cell modelling after
which a full vibro-acoustic FE model was applied to predict the insertion loss of the demon-
strator. They concluded that the results of these analyses and the measurements indicate that
this metamaterial concept can be applied to combine light weight, compact volume and good
acoustic behaviour.

Yi et al. (2016) designed and analysed a piezo-lens to focus flexural waves in thin plates.
The piezoelectric patches were shunted with negative capacitance circuits. The effective refract-
ive indexes inside the piezo-lens were designed to fit a hyperbolic secant distribution by tuning
the negative capacitance values. Numerical results showed that the piezo-lens can focus flexural
waves by bending their trajectories, and was effective in a large frequency band. The piezo-lens
had the ability to focus flexural waves at different locations by tuning the shunting negative
capacitance values. They underlined that piezo-lens showed to be effective for flexural waves
generated by different types of sources.

Ai and Gao (2017) designed four metallic metamaterials with tailorable mechanical prop-
erties using bi-material star-shaped re-entrant planar lattice structures, which did not involve
pins, adhesive, welding or pressure-fit joints and can be fabricated through laser-based additive
manufacturing. Three length parameters, one angle parameter and three material combinations
were used in order to explore structure-property relations. It was found that the bi-material lat-
tice structures can be tailored to obtain 3D printable metallic metamaterials with positive, near-
zero or negative Poisson’s ratio and coefficient of thermal expansion together with an uncom-
promised Young’s modulus. They also showed that one of the four metamaterials can exhibit
both a negative Poisson’s ratio and a non-positive coefficient of thermal expansion simultan-
eously. They mentioned that these metallic metamaterials can find applications in structures or
devices such as antennas and precision instruments to reduce thermomechanical stresses and
extend service lives.

Two-dimensional metamaterials consisting of plates with resonant cylinders have been
shown to attenuate waves much larger than their characteristic unit cell size by opening sub-
wavelength band gaps. However the bandwidth of the band gap correlates strongly with the
resonator mass, which limits metamaterials functionality in mass sensitive applications (Bilal
et al., 2017). To overcome this limitation, Bilal ez al. (2017) showed theoretically that trampo-
line phenomena broaden the width of the first partial band gap by up to a factor 4 of the linear
resonant band gap. They provided an experimental demonstration of the trampoline phenom-
ena in 3D-printed plates, consisting of pillars and holes, composed of a single material. They

showed numerically and experimentally that trampoline plates increase both partial and full
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band gaps widths, while reducing the base-plate’s mass by ~ 30% in the studied configurations.

Pal and Ruzzene (2017) investigated EMs characterized by topologically non-trivial band
gaps supporting backscattering suppressed edge waves. These edge waves are topologically pro-
tected and are obtained by breaking inversion symmetry within the unit cell. This concept was
implemented on an EM plate featuring an array of resonators arranged according to a hexagonal
topology. The resulting continuous structures showed non-trivial band gaps supporting edge
waves at the interface between two media with different topological invariants.

Krushynska et al. (2017b) compared the wave dispersion for 2D and 3D metamaterials
with multilayered inclusions. Numerical study revealed that dual-resonant structures with cyl-
indrical inclusions possess only a single (compared to two in the 2D case) band gap for certain
height-to-width ratios. In contrast, they observed that the wave dispersion in metamaterials with
multiple spherical resonators can be accurately evaluated using a 2D approximation, enabling a
significant simplification of resource-consuming 3D models.

Li et al. (2017) numerically and experimentally demonstrated the low-frequency broad-
band elastic wave attenuation and vibration suppression by using an EM plate, which is con-
stituted of periodic double-sides stepped resonators deposited on a 2D phononic plate with
steel matrix. In contrast to the typical phononic plates consisting of periodic stepped resonat-
ors deposited on a homogeneous steel plate, the proposed EM can yield large band gap in the
low-frequency range, resulting in the low-frequency broadband elastic wave attenuation. They
observed that the formation mechanism of opening the low-frequency band gap is attributed to
the coupling between the local resonant Lamb modes of 2D phononic plate and the resonant
modes of the stepped resonators. The band gap can be significantly modulated by the material
and geometrical parameters.

Chang et al. (2018) discussed the wave propagation behaviour and attenuation mechanism
of the EM with locally resonant sub-structure. The dynamically equivalent properties, i.e., mass
and elastic property, of the single resonance system were derived and found to be frequency
dependent. Negative effective properties were found in the vicinity of the local resonance. They
examined whether the band gap always coincides with the frequency range of negative effective
properties. From this analysis, they observed that when the stop frequency, which is the highest
propagating frequency of the main structure, was lower than the local resonance of the sub-
structure, the band gap would not totally overlap with the frequency range of negative effective
properties. They also reported that the coupled Bragg-resonance band gap is much wider than
the narrow-banded local resonance and the corresponding effective material properties at band

gap could be either positive or negative.
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1.3 Objectives

The main objective of this thesis is to study 1D and 2D PnCs and EMs for passive vi-

bration control in different applications by means of PWE, IPWE and EPWE approaches. The

specific objectives of this thesis are listed in the following.

1.4

Present the band structure of 1D PnC rods, 2D SnCs and 1D EM Euler-Bernoulli beams
by means of PWE, IPWE and EPWE.

Analyse the Bragg-type band gap formation, band structure, harmonic forced response
and attenuation constant of a 1D PnC beam using the FE, SE, WFE, WSE, PWE and
IPWE methods.

Study the flexural wave band gaps in a 2D PnC plate with different lattices and inclusions
considering Mindlin-Reissner theory.

Evaluate the elastic band structure of a carbon nanostructure PnC and a nano-piezoelectric
PnC with different lattices and inclusions, considering wave propagation in the xy plane
and 2D periodicity.

Compare the band structure of a nano-piezoelectric PnC, considering Z modes with and
without piezoelectricity.

Investigate the band structure of a 2D magnetoelectroelastic PnC composed by BaTiO3-
CoFe,0, inclusions in a polymeric matrix, considering wave propagation in the xy plane
in an inhomogeneous transversely isotropic elastic solid.

Investigate the band structure of flexural waves propagating in an EM beam and its har-
monic forced response, considering periodic arrays of single degree of freedom (S-DOF)
and M-DOF resonators.

Compare the elastic band structure obtained by means of PWE, EPWE, WFE and WSE
methods, considering an EM beam with periodic arrays of S-DOF and M-DOF resonators.
Analyse the elastic band structure of flexural waves propagating in an EM thin plate with
multiple periodic arrays of attached M-DOF resonators, considering square and triangular

lattices.

Outline of the thesis

This thesis is organized as follows.

In Chapter 2, PWE, IPWE and EPWE approaches are formulated for simple cases, i.e.,

1D PnC rods, 2D SnCs and 1D EM Euler-Bernoulli beams. Some advantages and drawbacks

are also underlined.

In Chapter 3, simulated examples of mechanical wave propagation in 1D PnC rods, 2D

SnCs and 1D EM Euler-Bernoulli beams are carried out using PWE, IPWE and EPWE methods.

In Chapter 4, general conclusions regarding this thesis are drawn. Then, original contri-

butions of this study are highlighted in a list of the publications that resulted during the thesis
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progress.

In Annexe A, some basic concepts of 2D periodic systems, such as geometric properties,
wave propagation and band gaps are reported.

In Appendices A—G, attached papers are provided and some applications of PnCs and
EMs for passive vibration control are investigated.

In Appendix A, the band structure and the harmonic forced response of a 1D PnC Euler-
Bernoulli beam are investigated.

In Appendix B, it is studied flexural wave band gaps in a 2D PnC thick plate, composed
by an epoxy matrix reinforced by Al,Os3 inclusions.

In Appendices C and D, it is discussed the influence of different inclusion cross sections
and different lattices on the band structures of 2D carbon nanostructure PnCs and 2D nano-
piezoelectric PnCs.

In Appendix E, the piezoelectricity and piezomagnetism are considered on the band struc-
ture of a 2D magnetoelectroelastic PnC.

In Appendix F, the harmonic forced response and the band structure of a 1D EM Euler-
Bernoulli beam with periodically attached spring-mass resonators are calculated.

In Appendix G, it is analysed the complex band structure of flexural waves propagating in
an 2D EM thin plate with multiple periodic arrays of M-DOF resonators in square and triangular
lattices.

In Appendix H, some implemented codes in MATLAB® are available.
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2 THEORETICAL MODELS

In this section, PWE, IPWE and EPWE approaches are presented for simple cases. First,
it is considered a 1D PnC rod composed by two materials. Next, it is regarded a 2D SnC with
square lattice, consisting of periodic circular solid inclusions in a fluid matrix. Finally, a 1D EM

Euler-Bernoulli beam with periodic array of resonators is addressed.

2.1 Plane wave expansion method

PWE is the most used method to calculate the band structure of periodic systems, such
as photonic crystals (El-Naggar, 2012), PnCs (Kushwaha et al., 1994; Sigalas and Economou,
1992; Laude et al., 2009), SnCs (Kushwaha and Halevi, 1994) and MMs (Xiao et al., 2012a;
Xiao et al., 2012b). PWE has also been applied to calculate the band structure of smart PnCs,
for instance, piezoelectric (Qian et al., 2008), piezomagnetic (Vasseur ef al., 2011) and magne-
toelectroelastic (Wang et al., 2008) PnCs.

PWE uses the system periodicity and Floquet-Bloch’s theorem (Floquet, 1883; Bloch,
1928) to solve the wave equation, obtaining an eigenvalue problem w(k). This eigenvalue prob-
lem must be solved for each Bloch wave vector value into the first irreducible Brillouin zone
(FIBZ) (Brillouin, 1946). One of the main advantages of using PWE method is its facility of be-
ing implemented. PWE is regarded as a semi-analytical method, because Fourier series expan-
sion in reciprocal space must be truncated. This method has also some drawbacks, for instance,
when there is high geometry or material mismatch PWE presents slow convergence and IPWE
method must be used.

PWE formulation is presented in detail for 1D PnC Euler-Bernoulli beams (Appendix A),
2D PnC thick plates (Appendix B), 2D PnC solids (Appendix C), 2D piezoelectric PnC solids
(Appendix D) and 2D magnetoelectroelastic PnC solids (Appendix E). In this subsection, it is
considered just 1D PnC rods, 2D SnCs and 1D EM Euler-Bernoulli beams.

2.1.1 PWE formulation for 1D phononic crystal rods

From simple rod theory, the governing equation for longitudinal vibrations in a infinite

uniform rod system can be written as (Lee, 2009):

2 |iE587:L1<I,t>:| Gzal(x,t)

ox ox otz

where E is the Young’s modulus, S is the cross section area, ; is the longitudinal displacement

= pS 2.1)

in time domain, x is the spatial position and ¢ is the time.

Applying the temporal Fourier transform on Eq. (2.1), results:
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5 |

Ouy (x,w)

ox

57 ] + w?pSuy (z,w) = 0, (2.2)

where w is the angular frequency and u;(z,w) is the longitudinal displacement in frequency
domain. Considering a 1D PnC rod consisting of periodic unit cells with different materials, one
may write £ = E(x) and p = p(x). Note that E(x) = E(x + a) and p(z) = p(z + a), where
a is the lattice parameter, i.e., unit cell length. From now on, it is regarded u; (z,w) = wu;(z) for
simplification.

Hereafter, basic concepts of Solid State Physics are necessary, see Annexes A.1 and A.2.
Applying the Floquet-Bloch’s theorem and considering wave propagation on the z axis (ko k3 =

0), gives:

uy(x) = ejkxulk (), (2.3)

where k = ki, k € R, is the Bloch wave vector, also known as wave number and has its value
within the FIBZ in reciprocal space, [O,ﬂ , or within the FBZ, [—g,ﬂ , ] = v/—1 and Uy, (x)is
the Bloch wave amplitude. Note that u, (x) = uy, (z + a), ui (r + a) = uy (x)e’*?, where ke
is the Floquet-Bloch periodic boundary condition. Expanding Bloch wave amplitude as Fourier

series in reciprocal space, yields:

+oo +oo
— k= jgmT __ j(k+gm)z
uy(x) = ¢ g uy,, €9 = g wuy,, el FFgm)e, (2.4)
m=—0oQ m=—0oQ

where uy,, = u1, , gm = %Tm is the reciprocal lattice vector and m € Z. Note that g,, is
a constant, since it is considered 1D periodicity. Furthermore, material properties can also be

expanded as Fourier series in the reciprocal space as:

+oo
P(z)= )  Prelo, (2.5)

m=—0oQ

where P(z) is one of a(z) = p(x)S, y(z) = E(z)S and g5 = 2=, m € Z. It is used gy, and

m to highlight the difference between the expansions of material properties and displacement.

Fourier series coefficients Py, in Eq. (2.5) can be calculated by:

_ 1 [e/? _ .
Py = —/ P(z)e 79m%dx. (2.6)

aJ_a)2

Substituting Egs. (2.4) and (2.5) in Eq. (2.2), gives:

+00 “+o0o
Z Z (Yt (k + gin) (k + G + gm) — w2y, | e/ EFomtomle — g, (2.7)

m=—00 mM=—00
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Making a variable change g = gm + gm, results:

+o0o +oo
Z Z [Viremtn,, (k + gn) (k + gm) — w?aim_mua,, | 977 = 0. (2.8)

Multiplying Eq. (2.8) by e ™79, integrating over the unit cell, one can write for all z:

400 +00 1 a/2 '
Z Z [Vir—mur,, (k + gm) (k + gim) — wQam_mulm} —/ eI Im=9m)e g0 — (. (2.9)

aJ_q/2

m=—00 Mm=—00

Remembering the definition of 7,

1 a/2
S = — / eI (om=9m)T gy (2.10)
a —a/2
Eq. (2.9) can be rewritten as:
+o00
> et (k+ gn) (b + ga) — @ Q] = 0. (2.11)

Equation (2.11) is an infinite system of equations, thus Fourier series must be truncated,

e, m,m=|—M,... M|, M € Z, and the total number of plane waves is 2/ + 1. Then, Eq.
(2.11) can be rewritten as:

At = w?’Biy, (2.12)

where the coefficients of vector Ui; are u;,, and the coefficients of matrices A and B are given
by:

Equation (2.12) represents a generalized eigenvalue problem of w?(k) and should be
solved for each k into the FIBZ or FBZ.

2.1.2 PWE formulation for 2D sonic crystals

The wave equation for an isotropic medium of infinite extension in absence of an external
force, regarding acoustic case (see Annexe A.2) and 2D problem (0/0x3 = 0), can be written
as (Kushwaha and Halevi, 1996b):

—1 aQﬁ(r7t>

n g~ = V-7 Vhr), (2.14)

where cy; is the elastic constant, p is the pressure in time domain and r = ze; + ye, is the 2D
spatial vector. Note that ¢;1(r) = ¢11(r + T) and p(r) = p(r + T), where T is the lattice vector
(see Annexe A.1).
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Applying the temporal Fourier transform on Eq. (2.14), gives:
V- [0 Vp(rw)] + wie p(rw) = 0, (2.15)

where p is the pressure in frequency domain.

Considering a SnC with periodic solid inclusions embedded in a fluid matrix, one can
write ¢;; = pci = c¢11(r) and p = p(r), where ¢ is the longitudinal speed of sound. It must
be highlighted that the Eq. (2.14) is valid only whether waves propagating through the SnC
can be regarded as purely longitudinal as long as coupling of shear elastic waves inside the
solid inclusions to acoustic waves in the fluid matrix can be completely ignored (Laude, 2015).
Equation (2.14) is more suitable neglecting inclusion shear rigidity, e.g., for a latex wall (¢; <
¢;) (Kushwaha and Halevi, 1997), where ¢, is the transverse speed of sound in the inclusion,
or supposing infinite density in the case of metallic inclusions (Kushwaha et al., 1998). This
implies that sound does not penetrate the inclusion and acoustic wave propagation is confined
in the air (Kushwaha et al., 1998). We regard this assumption for the solid inclusions.

Applying the Floquet-Bloch’s theorem and considering wave propagation on the zy plane
(ks = 0), results in:

p(r) = 7 p(r), (2.16)

where p(r,w) = p(r) for brevity, k = ub; + vb,y, u,0 € Q are symmetry points within the
FIBZ in reciprocal space, or k = kje; + kqes, k1,ko € R are the point coordinates within FIBZ
in Figure A.3 (f-)) for the reciprocal space. The basis vectors in reciprocal and real spaces,
b;(i = 1,2) and a;(i = 1,2), are defined in Annexe A.1. Hereafter, it is considered a SnC with
square lattice. Furthermore, note that py (r) = pi(r + T) and p(r + T) = p(r)e’*T, where e/¥T
is the Floquet-Bloch periodic boundary condition.

Expanding Bloch wave amplitude py(r) as Fourier series in reciprocal space, yields:

+00 +oo +oo 400
PO =T Y Y pmal® T = 3 Y pma M 21T)
m=—00 n=—00 m=—00 n=—00

Where P = Py 8mn = %” (me; +nes) is the reciprocal lattice vector for square lattice (see
Annexe A.1) and m,n € Z. Furthermore, material properties can also be expanded as Fourier

series in the reciprocal space as:

—+00 —+00

P(r)= > Y Pyaesm, (2.18)

m=—00 N=—00

where P(r) is one of p~1(r), c;j (v) and g = 2% (me; + ney), m,n € Z. Itis used g and

m,n to highlight the difference between the expansions of material properties and pressure. The

Fourier series coefficients Py, 5 in Eq. (2.18) can be calculated by:
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Pap = / / r)e I8 2y, (2.19)

where the integral is evaluated over the unit cell and S¢ = ||a; X as|| is the cross section area
of the unit cell. Substituting Egs. (2.17) and (2.18) in Eq. (2.15), gives:

Z Z Z Z {pmnPmnl (k1 + 91,,) (k1 + g1, + 91,,) + (ko + g2,) (k2 + g2,

m=—00 N=—00 M=—00 N=—00

+0,)] — WL D bl KB TERT — (2.20)
Making a variable change g, 4 = m.n + &m,n, results:

Z Z Z Z {pm m,n— npmnKkl +glm)(k1 +gl ) <k2+92n)(k2+92ﬁ)]

M=—00 N=—00 M=—00 N=—00

—Wt ppapeltEna)T — (2.21)

m—m,n—n

Multiplying Eq. (2.21) by e7&m7°T_integrating over the unit cell, one can write for all r:

Z Z Z Z{Pm moii—nPmnl (k1 4+ 91,,) (k1 + g1,) + (k2 + g2,) (k2 + 92,)]

M=—00 N=—00 M=—00 N=—00

1 ,
_W2cl_11rhfm,ﬁfnpm7n}s_c / / ej(gﬁl’ﬁ_gm’ﬁ).rdQT — O (222)
Remembering the definition of dg,, g .
1 .
Oginngnn = / / glenaTEneyrdir, (2.23)
> s SC

where the integral is evaluated over the unit cell, Eq. (2.22) can be rewritten as:

+o0 +o0

S Arnt o abmal (ks + g1, (ke + g1,) + (B2 + g,) (k2 + g2,)] — w2 P}

1m—m,n—n
m=—0o0 Nn=—00

= 0. (2.24)

Equation (2.24) is an infinite system of equations, thus Fourier series must be truncated,
ie., mmn,mmn = [-M,... ,M], M € Z, and the total number of plane waves is (2M + 1)
Then, Eq. (2.24) can be rewritten as:

Cp = w?Dp, (2.25)

where the coefficients of vector p are p,, ,, and the coefficients of matrices C and D are given
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by:
Conmng = Pl (k1 + g1,.) (k1 + 91,,) + (k2 + 92,.) (k2 + 92,)), Dnmnin = €11,

Equation (2.25) represents a generalized eigenvalue problem of w?(k) and should be
solved for each k into the FIBZ or FBZ.

2.1.3 PWE formulation for 1D elastic metamaterial Euler-Bernoulli beams

From Euler-Bernoulli beam theory, the governing equation for flexural vibrations of a

uniform beam system of an infinite extension can be written as:

(94123 (fE,t) + a2ﬁ3($,t)

bl
Br P25

=0, (2.27)

where [ is the second moment of area and 3 is the beam transverse displacement in time do-
main. Applying the temporal Fourier transform to Eq. 2.27, and omitting frequency dependence

it produces:
Dug(z)
Ozt

where ug is the beam transverse displacement in frequency domain.

EI — w?pSus(z) =0, (2.28)

Now, considering an infinite 1D EM Euler-Bernoulli beam with S-DOF resonators at-
tached in each unit cell (see Figure 1 in Appendix F), Eq. (2.28) can be rewritten as (Xiao et al.,
2012a):

84 N “+o00
E[%ix) — w?pSus(z) = Z Z ¢i(x; + na)dlx — (z; + na)l, (2.29)
1=1 n=—o0
¢z +na) = —k;[us(x; + na) — w;(z; + na)l, (2.30)
—wmw;(x; +na) = —q(z; + na), (2.31)

where N is the number of resonators in each unit cell, ¢;(x; + na) refers to the force applied to
the beam by the resonator spring located at z; + na, ¢ is Dirac delta function, ; is the stiffness
of the ith resonator, m; is the mass of the ith resonator, and w;(x; + na) and ug(z; + na) are the
ith resonator and beam flexural displacements at z; + na.
Applying the Floquet-Bloch’s theorem and considering wave propagation on the = axis
(ka,k3 = 0), gives:
uz(r) = e ug, (v). (2.32)
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Expanding Bloch wave amplitude us, (x) as Fourier series in reciprocal space, yields:

+o0 +o0
ug(r) = et Z ug,, 9" = Z ug, e Frome, (2.33)
m=—00 m=—00

where uz . = Uz, .
Similarly, applying Floquet-Bloch’s theorem and expanding in Fourier series in reciprocal
space the variable u3(x;), results:

u x’L — ejkzv Z u 6]g7n$7 — Z u k“l‘gnL (234)
m=—00 m=—00
Likewise, applying Floquet-Bloch’s theorem to uz(x; + na), gives:
)= ejk(x#”“)u?,k(xi + na) = efknaeihiy, L(zi+na) = ejk”“ejkx"u;z,k (x;)

=..7n) (2.35)

us(x; + na

Equation 2.35 can be obtained directly from Floquet-Bloch periodic boundary condition.
Similarly, for w;(x; + na), yields:
IR, (). (2.36)

wi(x; +na) =

Then, substituting Eq. (2.30) in Eq. (2.29), produces:

a Ug( ) N  4oo
EI opt Y %pSus(w ;nz;oo kilus(z; + na) — w;(x; + na)ldlx — (x; + na)l.
(2.37)
Next, substituting Egs. (2.35) and (2.36) in Eq. (2.37), one can obtain:
84’11,3(:6) N R “+o00 "
EI B w?pSus(z Z:: kilus(x;) — w;(z;)) nz_:ooe Oz — (z; +na)]. (2.38)

The infinite sum in Eq. (2.38) 3 °°

can be expanded as Fourier series in reciprocal space as:

e*na§(z — (x; +na)| is a periodic function, which

n=—oo

+oo 1 +oo
§ ejkna(g[x _ l’z + na E . elgmT — — oik(z—w) § e—jgmxiejgmx’ (2.39)
n=—oo m=—0o0 a Mm=—00

where %e‘j%“ e7k(@=2i) gre the Fourier series coefficients.
Inserting Eq. (2.39) and Egs. (2.33)-(2.34) in Eq. (2.38), multiplying by a and hereafter
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w;(x;) = w; for brevity, one can obtain:

—+00
Z [Ela(k + gm)4 _ prSa]ej(kJ“gm)m - _ Z Z k oI (ktgm)z =i (k+gm)z:
m=—00 =1 m=—oc0
N +o0
Z s, elktgm)e: | Z Z k’ i (ktam)z J(k+gm)wzw (2.40)
m=—o00 i=1 m=—o0

Multiplying Eq. (2.40) by e79% and integrating over the unit cell, results for all z:

+o0 1 a/2 4 N +o0o ~ )
Z [Ela(k + g7)" — wQ/JSa]U:J,m—/ I In=gm)T gy — Z Z keI (ktgm)ai
a

m=—00 —a/2 =1 e —oo
—+o0 1 a/2 N —+00 ~ 1 a/2
Z u3mej(k+gm)mi_ / ej(gm*gm)xdx + Z Z kiej(kJrgm):piwi_/ €j(gmigm)zdx,
m=—00 a4 J—a/2 i=1 h=—00 aJ_q/2
(2.41)

and remembering the definition of d,,, in Eq. (2.10), Eq. (2.41) can be simplified:

J(k+gm)z; w;

||Mz

Ela(k + gm)'us,, + Z keI (kFgm)e Z ug, e krom)zi

=1 m=—o0

—w?pSaus, = 0. (2.42)

An observation is that the terms e 7 (*+9m)%: and e7(k+97)%i in Eq. 2.42 can be written just

as e~79m%i and /9% In addition, substituting Eq. (2.31) in Eq. (2.30), gives:

wmaw;(z; + na) = —k; [ug(z; + na) — w;(z; + na)), (2.43)

and inserting Egs. (2.35),(2.36) and (2.34) in Eq. (2.43), provides:
— k Z us,. Jktom)e: 4 k. w; — wrmiw; = 0. (2.44)

m=—00

Equations (2.42) and (2.44) are an infinite system of equations, thus Fourier series must

be truncated, i.e., m,m = [—M, ... M]. Then, Egs. (2.42) and (2.44) can be rewritten as:

Ku = w’Mau, (2.45)

where the vector u is [u3 W]T, and coefficients of vectors us and w are us,_ and w;, respectively.
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Moreover, the coefficients of matrices K and M are given by:

J(k+gm)z E el (k+gm)Ti _ k § el (k+gm)x;

Ko i = Ela( kz—i—gm

lMZ

- Z e I0ban | (2.46)
Mm’ﬁl’i = pSCL + m;. (247)

Similar to Eq. (2.12), Eq. (2.45) represents a generalized eigenvalue problem of w?(k)
and should be solved for each k into the FIBZ or FBZ.

2.2 Improved plane wave expansion method

IPWE approach has the advantage of presenting higher Fourier series convergence than
the traditional PWE and it is useful when there is high geometry or material mismatch (Cao
et al., 2004b). Thus, IPWE approach is very important when locally resonant PnCs or MMs
are considered. Li (1996) proposed the first study of IPWE method for photonic crystals. After
that, Cao et al. (2004b) extended IPWE in order to handle PnCs. In this subsection it is just
highlighted the main differences between PWE and IPWE formulations.

For instance considering the 1D PnC of Subsection 2.1.1, Eq. (2.11) truncated is rewritten

as:
M

> et (k+ gn)(k + gn) — wom_mus,,| =0. (2.48)

m=—M
In Eq. 2.48, it is explicit the Laurent’s rule (Cao et al., 2004b) in the product of 77, u1,,
and a7, u1,, . However, in order to regard IPWE approach, instead of Laurent’s rule, an inverse

rule must be applied, and Eq. (2.48) must rewritten as:

M 11!
Z { {_} Ulm(k + gm)(k + gm) - WQOém—mUlm} =0, (2.49)

m=—M v

m—m

where [1/~] denotes the Toeplitz matrix of a function 1/~ with (m,m)th element being 1 /77—,
and -1 denotes the inverse matrix. The detailed mathematical contents of the above theory are
not given in this investigation, and for mathematical demonstrations, one can see Li (1996)
and Cao et al. (2004b) studies. Another interesting investigation using IPWE approach was
addressed by Yao ef al. (2009). They studied flexural wave propagation in a 2D PnC thin plate
with a point defect.

Then, Eq. (2.49) can be written as:

Aq, = w’Buy, (2.50)
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where the coefficients of matrix A are given by:

~1
Ao = H (E+ go) (5 + g). @51)

m—m

In Appendix A, a comparison between PWE and IPWE is provided for a 1D PnC Euler-

Bernoulli beam.

2.3 Extended plane wave expansion method

Propagating waves inside a periodic system are a set of solutions of wave equations satis-
fying the translational symmetry. They are characterized by the transmission bands in PWE and
IPWE methods. However, finite periodic structures or periodic structures with defects, where
the translational symmetry is broken, can support the evanescent modes characterized by a com-
plex Bloch wave vector (Garcia, 2010). Evanescent waves can propagate within the periodic
structure, however with an attenuation distance determined by the value of Bloch wave vector
imaginary part. Hence, the energy of these waves are spatially concentrated in the vicinity of
the structure excitation source.

From EPWE, also known as k(w) method, it is possible to obtain the complex values of
Bloch wave vector. This is the striking issue of using EPWE method, i.e., evanescent modes
are obtained naturally and they are not ignored as well as on PWE and IPWE. PWE and IPWE
methods consider only the propagating modes, that is to say when Bloch wave vector is only
real. Furthermore, Bloch wave vector is not restricted to the FIBZ considering EPWE method
(Laude et al., 2009). Hsue and Freeman (2005) proved that the evanescent modes obtained by
EPWE obey Floquet-Bloch’s theorem.

In this subsection, it is presented the EPWE formulation for the 2D SnC and 1D EM
Euler-Bernoulli beam reported in Subsections 2.1.2 and 2.1.3.

2.3.1 EPWE formulation for 2D sonic crystals
The starting point is rewrite Eq. (2.25) as (Romero-Garcia et al., 2011; Laude et al., 2009):
Cp = w’Dp, (2.52)

where the coefficients of matrix C are given by:

Omymynyﬁ = Flmnp’;’bl—m,’ﬁ—n]‘—‘lmn + Fzmnp’;ll—m,ﬁ—n]‘—‘zmn’ (2'53)

with
F1mn = 5mn(k1 + glm)7 F2mn = (5mn<k2 + gQH)' (254)
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Next, the following vector must be defined:
¢; = PT';p, (2.55)

where 7 = 1,2, the coefficients of matrix I'; are described in Eq. (2.54) and the coefficients of P

are p;}_m’ﬁ_n. Thus, Eq. (2.52) can be rewritten as an equation system:
¢; = PI';p, (2.56)

2
> Ti¢; = w’Dp. (2.57)
=1

In order to obtain an eigenvalue problem of k(w), one can write k = ko, where o is a unit
vector which indicates the incidence direction and k = ||k||. Then, matrices I'y, I'; are rewritten
as:

'y =G+ koI, Ty = Gy + kool, (2.58)

where o; (i = 1,2) are the components of ¢ on x and y directions, I is the identity matrix and
the coefficients of matrices G; and Gy are given by 0,,,91,, and d,,,9>, . Finally, after some

mathematical manipulations (Romero-Garcia et al., 2011), Eq. (2.52) can be rewritten as:

w’D - 3?7 G,PG; 0 p 5?2 GPol 1 p
S S b=k | U Sy, (2.59)
- Zi:l PG; I ¢ Z¢:1 Po,I 0 loj

where ¢ = Zle o 1¢;.

Eq. (2.59) represents a generalized eigenvalue problem of k(w). It is must be highlighted,
even though it is usually not mentioned in studies which use EPWE approach, that is necessary
to apply a criterion for tracking the frequency evolution of wave modes when EPWE method is
used, since wave modes are computed at several discrete frequencies. Then, it is necessary to
associate, among all modes defined at a given frequency (w + Aw), the one which matches a
given mode defined at the previous frequency (w).

In this thesis, the modal assurance criterion (MAC) is used to estimate the correlation
among wave shapes. This criterion is based on the hermitian scalar product and it is useful for
very low frequencies (Mencik, 2010). Given a wave mode [ defined at an specific frequency w

and for a sufficiently small Aw, the wave mode [ defined at frequency w + Aw results in:

H A " A
|1 () ] [[1(w + Aw)][u [[1(@)l i [[hs (w + Aw)][n
where ||9¥;|lu = /¥, denotes the hermitian norm of the eigenvectors ¥, of the eigenvalue

problem k(w). The indexes I,s € N are associated with the size of the eigenvector and (-)"

indicates the conjugate transpose.
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2.3.2 EPWE formulation for 1D elastic metamaterial Euler-Bernoulli beams
Since there are no external forces acting on the resonator masses, one can write:
¢i(z; + na) = —Dyug(z; + na), (2.61)

where D; is the dynamic stiffness of the ith resonator given by:

(2.62)

and w; =27 f; = 4/ k; /m; is the natural angular frequency of the ith resonator. Then, Equation

(2.29) can be rewritten as:

N  +oo

— w?pSus(z) + Z Z Dius(x; + na)o[z — (z; + na)] = 0. (2.63)

i=1 n=—o00

0tus(x)

EI
Oxt

Inserting Eqgs. (2.33)-(2.35) in Eq. (2.63), gives:

+00 N  +o0 400
Z [EI(k + gm)* — w?pSledtktomzy, 4 Z Z Dedktam)eiy,, Z eFrasle — (z;
m=—00 i=1 m=—o0 n=—o00
+na)] = 0. (2.64)

Substituting Eq. (2.39) in Eq. (2.64) and multiplying by a, one can obtain:

+o00 N +o00 +oo
Z [Efa(k: + 9m)4 _ wsza]ej(kJr%)xu;;m + Z Z Z Die_j(k+gm)$i6j(k+9rh)ﬁci
m=—00 1=1 m=—00 m=—00
e/ ktgm)zy, — ), (2.65)

Multiplying Eq. (2.65) by e 9" and integrating over the unit cell, it can be rewritten for

all z (i.e., including z;):

400 1 a/2 ' N  +oo ~+o00 ' '
Z [E[a(k + gm)4 _ prS&]U3m—/ el (gm—gm)z .. + Z Z Z Diefjgmwiejgmxiugm
Mm=—00 @ J-a/2 i=1 fi=—00 M=—00
1 a/2 )
- / eI (gm=9m) g3 — (), (2.66)
a.J_q)2

and using the definition of Eq. (2.10) for d;7.,,,, Eq. (2.66) can be rewritten as:

N +o0
[Ela(k+ gm)* — w?pSalus,, +» > Die/omriehontiys =0, (2.67)

1=1 m=—00
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The terms (k + g,,,)* can be expanded as:

<k + 27Tm>4 - %[(kaf +8mm(ka)® +24(mm)*(ka)® + 32(mn)* (ka) +16(mm)"]. (2.68)

a

Inserting Eq. (2.68) in Eq. (2.67), multiplying by a®/E1, results:

[/2;4 + 8mak® 4 24(mm)*k? + 32(mm)3k + 16(mm)* — v pSa ] us,,
i=1 m=—o0
e IImTiglgn iy = (), (2.69)
where k = ka.
After truncating Eq. (2.69), i.e., m,m = [—M, ... ,M], it can be rewritten as:
[/2;41 + X, + B*Xy + kX, + Xo] u; = 0, (2.70)
where the coefficients of vector ug are u3,, and coefficients of matrices X; (i = 0, ...,3) are

given by:

X3, = 0pm8mm, Xo, . = 6mm24(m )2 X, = §mm32(m7r)3, (2.71)

mm

S = ,
Xo, . = G |16(mm)t — w'p a} Z Z " eiam ion (2.72)

mm

1=1 m=—0o0

Finally, Eq. (2.70) can be rewritten as:

—X3 —XQ —X1 _X() k3U3 k?gllg
I 0 0 k2 | R
W l_plrm (2.73)
0 1 0 ku3 k}llg
0 0 I 0 us us

Equation (2.73) represents a generalized eigenvalue problem of /%(w) MAC is also used

to estimate the correlation among wave shapes, as discussed in Subsection 2.3.1.
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3 ELASTIC WAVE PROPAGATION IN PHONONIC CRYSTALS,
SONIC CRYSTALS AND ELASTIC METAMATERIALS

In this chapter, simulated examples of band structures of PnCs, SnCs and EMs are repor-
ted. This chapter is divided into three parts. In first part, Subsection 3.0.1, it is investigated the
band structure of longitudinal waves propagating in a 1D PnC rod. PWE and IPWE compar-
ison are performed. In second part, Subsection 3.0.2, it is analysed the complex band structure
of bulk waves propagating in a 2D SnC with circular inclusions and square lattice. PWE and
IPWE comparison is also carried out. In Subsection 3.0.3, it is studied the band structure of flex-
ural waves propagating in a 1D EM Euler-Bernoulli beam with a periodic array of resonators.
PWE and EPWE approaches are used in order to obtain the complex band structure.

Furthermore, detailed studies of elastic wave propagation in PnCs and EMs are discussed
in Appendices A-G. In these appendices, the following cases are considered: flexural wave
propagation in 1D PnC Euler-Bernoulli beams (A), flexural wave band gaps in 2D PnC thick
plates (B), bulk wave propagation in 2D PnC solids (C), bulk wave propagation in 2D PnC solids
with piezoelectricity (D), bulk wave propagation in 2D PnC solids with piezoelectricity and
piezomagnetism (E), flexural waves in 1D EM Euler-Bernoulli beams (F) and flexural waves in
2D EM thin plates (G).

3.0.1 1D Phononic crystal rod

An infinite 1D PnC rod composed by two materials, i.e., aluminium and epoxy, is con-
sidered. This PnC is illustrated in Figure 3.1, where blue and white colours represent epoxy and

aluminium, respectively.

@ ()

4 a3 af3

Figure 3.1: Schematic representation of the 1D PnC rod with unit cells of aluminium (white)
and epoxy (blue) (a). PnC rod unit cell is illustrated in (b).

The length of aluminium in the middle of unit cell is a4 = 0.05 m and the length of epoxy
parts are ag = 0.01 m, where subscripts A and B are associated with aluminium and epoxy,
thus unit cell length @ = a4 + 2a = 0.07 m. PnC rod geometry and material properties are
shown in Table 3.1.

Figure 3.2 illustrates the band structure, i.e., real part of reduced Bloch wave vector versus

frequency, calculated following the formulation in Subsection 2.1.1 (see also Fourier series
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Table 3.1: PnC rod geometry and material properties.

Geometry/Property Value

Unit-cell length (a) 0.07m

Square cross section area (S = b x h) 0.01 x 0.01 m?

Young’s modulus (E4,Eg) 77.6 x 10° N/m?2, 4.35 x 10° N/m?
Mass density (p4,p5) 2730 kg/m?, 1180 kg/m?

coefficients in Appendix A), using M = 10 harmonic terms in Fourier series expansion. By
choosing M = 10 implies that m = m = [—10,...,10], which means 2M + 1 = 21 plane
waves. The first bands and first Bragg-type band gaps are illustrated in Figure 3.2 (b) by blue
shaded regions.
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Figure 3.2: Band structure of the 1D PnC rod calculated by PWE approach, considering 21
plane waves (a). The first branches of the band structure and Bragg-type band gaps in blue
shaded regions (b).

Whether the PnC rod is composed only by aluminium or by epoxy, i.e., a homogeneous
rod, thus there is no Bragg scattering and band gaps are not opened up, as shown in Figure 3.3.
In this figure, 21 plane waves are considered for Fourier series expansion. In Figures 3.2 and
3.3, it must be highlighted that the reduced Bloch wave vector does not have values higher than
-1 and 1, since in PWE approach Bloch wave vector has only values within FBZ.

Figure 3.4 compares the band structure of the PnC rod considering PWE and IPWE ap-
proaches for 21 plane waves. It can be observed that PWE does not match with IPWE only for
higher bands. IPWE results were obtained from the formulation reported in Subsection 2.2.

In order to analyse 7(z) (see Eq. 2.5) convergence, Figure 3.5 (a) shows 7(x) calculated
by PWE for 3 (M = 1), 21 (M = 10) and 201 (M = 100) plane waves. In Figure 3.5, it can

be seen that y(x) converges to a square wave when the number of plane waves is increased.
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Figure 3.3: Band structure of a homogeneous rod composed by aluminium (a) and epoxy (b).
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Figure 3.4: Band structure comparison of the PnC rod using PWE (blue points) and IPWE (red
circles) approaches.

However, Gibbs phenomenon does not disappear even though more plane waves are added to
the sum, as expected. In order to have some information about Fourier coefficients, it is shown
in Figure 3.6 the Fourier series coefficients (,,) for 3 (a), 21 (b) and 201 (c) plane waves.

In addition, in Appendix A, it is investigated other effects, such as the influence of steel
percentage variation within the unit cell of a 1D PnC Euler-Bernoulli beam, the influence of

unit cell length and an experiment is proposed.
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Figure 3.5: Convergence comparison of v(x) for the 1D PnC rod regarding 3, 21 and 201 plane
waves.

3.0.2 2D Sonic crystal

A 2D SnC with square lattice (see for instance Figure 1 (a) and (c) in Appendix B) com-
posed by steel circular inclusions in air is addressed. The 2D SnC geometry and material prop-

erties are described in Table 3.2.

Table 3.2: 2D SnC geometry and material properties.

Geometry/Property Value

Unit-cell length (a) 0.022 m

Filling fraction (f) 0.274

Mass density (p4,pB) 7800 kg/m?3, 1.2 kg/m?

Elastic constant (c11,,¢11,)  290.4 x 10° N/m?, 1.41 x 10° N/m?

The filling fraction (see Annexe A.1) in Table 3.2 is defined as the cross section area ratio
of inclusion and unit cell, i.e., f = 7r? / a?, where 7 is inclusion radius. Initially, for PWE and
IPWE approaches, the integers m,m,n,n are limited to the interval [—10,10], i.e., 441 plane
waves.

Figure 3.7 illustrates the band structure of the 2D SnC calculated by PWE approach (see
the formulation in Subsection 2.1.2). Partial Bragg-type band gaps are opened up and they can
be identified by blue shaded region along I'X direction. The types of band gaps are discussed
in Annexe A.3.

Whether the SnC is composed just by steel, thus band gaps are not opened up, as presented
in Figure 3.8.
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Figure 3.6: Fourier series coefficients for the 1D PnC rod regarding 3 (a), 21 (b) and 201 (c)

plane waves.

A comparison between PWE and IPWE approaches, considering 441 plane waves, is

shown in Figure 3.9. From Figure 3.9, it can be seen that there is a mismatch between PWE and

IPWE approaches even though for lower branches.

In order to calculate the SnC complex band structure, EPWE (see formulation in Sub-

section 2.3.1) is used. To reduce computational time, the integers m,m,n,n are limited to the

interval [—1,1], i.e., 9 plane waves and a = 22 m, since the main purpose is to compare PWE
and EPWE results and to validate EPWE approach.
Figure 3.10 shows the complex band structure of the 2D SnC calculated using both (a)
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Figure 3.7: Band structure of the 2D SnC with steel circular inclusions in a square lattice.
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Figure 3.8: Band structure of a SnC with a square lattice composed just by steel.

PWE (red asterisks) and (a — b) EPWE (black points) approaches.

From Figure 3.10, it can be seen that Bragg-type band gaps are opened up in low frequen-
cies, since a high unit cell length, a = 22 m, is regarded. Furthermore, the real reduced Bloch
wave vectors calculated by these approaches match well. However, PWE can only identify
propagating modes (3{k} = 0). Unlike PWE, EPWE method also identifies other complex
modes in Figure 3.10, which are evanescent modes (3{k} # 0) with ®{k} # 0. The evanes-
cent modes can propagate within the SnC, however, with an attenuation distance determined by
the value of Bloch wave vector imaginary part, as already mentioned. In addition, real part of
Bloch wave vector calculated by PWE is restricted to the FIBZ. Imaginary part of Bloch wave
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Figure 3.9: Band structure comparison of the 2D SnC with circular steel inclusions in a square
lattice performed by PWE (blue asterisks) and IPWE (red circles) approaches.
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Figure 3.10: Complex band structure of the 2D SnC with steel circular inclusions in a square
lattice performed by (a) PWE (red asterisks) and (a — b) EPWE (black points) approaches.

vector is displayed up to 2 (larger values exist). In Figure 3.10, for a specific frequency, the
difference between evanescent modes higher to 1 (3{ka/27} > 1) lies in their symmetry with
respect to the unit cell centre (Laude et al., 2009).

It can also be observed in Figure 3.10 that each frequency inside the band gap (for instance
f = 10 Hz) is characterized by some values of 3{ka/27}, which correspond to the harmonics
of the multi-exponential decay of the evanescent modes (Romero-Garcia et al., 2010). Romero-
Garcia et al. (2010) showed that only the first value of the S{ka/27} contributes to the decay
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of the mode, thus higher harmonics can be neglected and it can be approximated in the same
way as an exponential-like decay. The spatial decay inside the band gap is multi-exponential
and dominated by the minimum imaginary part of wave vectors (Chen et al., 2017).

In Appendices B and C, other effects that influence Bragg-type band gap formation on 2D
PnCs are investigated, e.g., the influence of filling fraction, inclusion geometry, type of lattice
and piezoelectricity.

3.0.3 1D Elastic metamaterial Euler-Bernoulli beam

An infinite 1D EM Euler-Bernoulli beam with an attached single periodic array of S-DOF

resonator is regarded (Figure 3.11).
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Figure 3.11: Infinite EM beam with an attached single periodic array of S-DOF resonator.

EM beam geometry and material properties are shown in Table 3.3.

Table 3.3: EM beam geometry and material properties.

Geometry/Property Value

Unit-cell length (a) 0.1 m

Cross section area (S = b x h) 0.02 x 0.002 m?
Young’s modulus (F) 70 x 10° Pa

Mass density (p) 2700 kg/m?
Structural damping (1) 0.01

Second moment of area (/) 1.3333 x 107" m*

S-DOF resonator parameters are: 7; = 0.05, x;1 = 0.05 m, f; = 200 Hz and m; =
F1pSa = 0.0054 kg, where 7, = 0.5 is the ratio of resonator mass to the beam unit cell mass.
Resonator stiffness is obtained by k; = mq (27 f1)2(1+ jn; ). Parameters and material properties
are chosen the same as Xiao et al. (2012a).

Figure 3.12 illustrates the elastic band structure calculated by PWE-Euler-Bernoulli for-
mulation (see Subsection 2.1.3) using M = 1 harmonic terms in Fourier series expansion (3

plane waves).
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Figure 3.12: Elastic band structure of the EM Euler-Bernoulli beam using 3 plane waves (a).
The first bands of the EM beam band structure, showing the locally resonant and Bragg-type
band gaps in blue shaded regions (b).

From Figure 3.12, it can be identified both the locally resonant band gap around the res-
onator natural frequency (200 Hz), and the Bragg-type band gap around 460 Hz. From Bragg’s
law, a = n(\/2) .. ka = nm, n € Z, and considering low frequency bands, where Euler-
Bernoulli beam theory is valid, Bloch wave vector can be assumed as &k = /27 f W
(Lee, 2009). Thus the first Bragg frequency can be obtained as:

o, = %(%)? % ~ 461.8 Hz. 3.1)

Figure 3.13 shows the complex band structure of the EM beam calculated by EPWE using
3 plane waves. All Bloch wave vector solutions are presented in Figure 3.13. The black lines in
Figure 3.13 (a) indicate the limits of FBZ normalized.

All the curves in Figure 3.13 (b) are the imaginary values of Bloch wave vector, however,
only some components are the most accurate. The most accurate imaginary components are that
associated with the real components (Fig. 3.13 (a)) that intersect one of the FBZ limits. These
components are shown in Figure 3.14. From Figure 3.14, it can be seen that the most accurate
components of the Bloch wave vector arise on pairs of negative and positive Bloch wave vector
values.

In order to compare PWE and EPWE results, it is presented the real components of Bloch
wave vector calculated by PWE (blue points) and EPWE (red circles) approaches in Figure 3.15
for 3 plane waves.

Moreover, in Appendices F and G, it is investigated the elastic band structure of flex-
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Figure 3.13: Complex band structure of the EM Euler-Bernoulli beam using 3 plane waves
calculated by EPWE: (a) real and (b) imaginary parts of Bloch wave vector.
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Figure 3.14: The most accurate components of the Bloch wave vector calculated by EPWE with
M = 1: (a) real and (b) imaginary parts.

ural waves in 1D EM Euler-Bernoulli beams and 2D EM thin plates considering other effects
that influence band gap formation, such as band gap coupling between Bragg-type and locally

resonant band gaps, type of lattice, among others.
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Figure 3.15: Comparison of Bloch wave vector real part calculated by PWE (blue points) and
EPWE (red circles) approaches with M = 1.
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4 GENERAL CONCLUSIONS

PnCs and EMs have been extensively applied in the last years for passive vibration control.
They can open up ranges of frequency where there are only evanescent waves, i.e., band gaps.
These band gaps can be classified into locally resonant and Bragg-type. In this thesis, it is
investigated different applications of PnCs and EMs for passive vibration control.

The semi-analytical approaches proposed are based on PWE, IPWE and EPWE. Some
advantages and drawbacks of these approaches are highlighted. Simulated examples are carried
out in order to obtain the band structure of 1D PnC rods, 2D SnCs and 1D EM Euler-Bernoulli
beams using these methods.

Next, in the attached articles, it was considered first a simple 1D PnC Euler-Bernoulli
beam composed of steel and epoxy. The polyethylene and steel percentages into the unit cell
is an important variable and its influence in the unit cell attenuation constant is complex and
depends on the unit cell length. It was shown some ranges of frequency, regarding fixed unit
cell lengths, with no unit cell attenuation, independently of the polyethylene and steel quantities.
It is also shown regions that presented higher attenuation. The analytical and numerical results
presented a good agreement with the experimental ones and they localized the band gap position
and width close to the experimental.

After that, flexural wave band gaps in an epoxy PnC plate reinforced by Al,O3 inclusions
were investigated regarding Mindlin-Reissner theory. Complete band gaps were observed for all
types of inclusion and the best performance was found for rotated square and circular inclusions,
considering square and triangular lattices, respectively.

The band structure of elastic waves propagating in carbon nanostructure PnCs with
square, rectangular, triangular, honeycomb and Kagomé lattices was also studied. Full band
gaps between XY and Z modes were observed for all types of carbon nanostructures. The best
performance was for circular carbon nanostructures in a triangular lattice with high band gap
width in a broad range of filling fraction. This result suggests that carbon nanostructure PnCs
may be feasible for elastic vibration management in GHz.

Afterwards, nano-piezoelectric and magnetoelectroelastic PnCs were analysed. Broad full
band gaps were obtained for the piezoelectric PnC and triangular lattice with circular inclusion
presented the broadest full band gap, considering a fixed filling fraction of 0.335. Piezoelectric
effect is significant on band gaps for all lattices and inclusions. For the magnetoelectroelastic
PnC, the broadest full band gap was found for hollow inclusion in a triangular lattice, regarding
the filling fraction of 0.45.

It was also studied the elastic wave propagation in 1D and 2D EMs. A 1D EM Euler-
Bernoulli beam and a 2D EM thin plate, both with multiple periodic attached M-DOF resonat-
ors, are regarded. Different resonator configurations are discussed. The 1D EM Euler-Bernoulli
beam with five arrays of S-DOF resonators presented a broad band gap created by the coup-

ling between locally resonant and Bragg-type band gaps. For the 1D EM Euler-Bernoulli beam
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with five arrays of 2-DOF resonators, two broad band gaps were opened up from the coupling
between locally resonant band gaps. It was also observed that 2D EM thin plates with S-DOF
resonators provide higher attenuation for the last locally resonant and for Bragg-type band gaps
than 2D EM thin plates with M-DOF resonators. Furthermore, the attenuation related to the
Bragg-type band gaps was higher for square lattice than triangular lattice.

Finally, the different applications of the periodic systems considered in this thesis, i.e.,
smart PnCs, nano-PnCs, 1D PnC beam and EMs with periodic attached resonators, provide

interesting results for passive vibration control in different ranges of frequency.

4.1 Future work

In the following, topics which appear as future prospects for continuation of the research
developed in this thesis are listed.

e Improve the performance of the semi-analytical approaches proposed in this thesis by
means of using parallel programming and code optimization.

e Consider the quantum effects for the band structure calculation of nanophononic crystals.

e Fabricate nanophononic crystals with advance techniques, for instance, electron beam
lithography.

e Study the variability related to the physical parameters of PnCs and EMs manufactured
in a 3D printer.

e Formulate new PWE and EPWE approaches associated with optimization techniques in
order to identify the best inclusion geometry that opens up broader band gaps.

e Propose new PWE and EPWE formulations for PnCs and MMs including other effects,
such as temperature and viscoelasticity.

e Extend the formulation of PWE and EPWE for EMs with shunting circuits.

e Investigate other complex materials, for instance, photonic crystals, phoxonic crystals,
thermal metamaterials, quasi-periodic structures, nonlinear metamaterials, granular crys-
tals, bio-inspired PnCs, magnonic crystals, magnetostrictive PnCs, plasmonic metamater-
ials, among others.

e Use PWE and EPWE methods associated with the supercell technique to include line
defects in PnCs for waveguides and by confining standing waves in the defects. It could
also be used to constitute resonators and filters. These could be interesting for local sound
enhancement and energy harvesting.

e Explore new recent concepts originally from electronics which have inspired some applic-
ations in photonics and phononics, such as interface modes, also known as edge modes,

on periodic acoustic systems.
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‘We investigate theoretically and experimentally the forced response of flexural waves propagating
in a 1D phononic crystal (PC) Euler-Bernoulli beam, composed by steel and polyethylene, and its
band structure. The finite element, spectral element, wave finite element, wave spectral element,
conventional and improved plane wave expansion methods are applied. We demonstrate that the
vibration attenuation of the unit cell can be improved choosing correctly the polyethylene and steel
quantities and we suggest the best percentages of these materials, considering different unit cell lengths.
An experiment with a 1D PC beam is proposed and the numerical results can localize the band gap
position and width close to the experimental results. A small Bragg-type band gap with low attenuation
is observed between 405 Hz - 720 Hz. The 1D PC beam with unit cells of steel and polyethylene

presents potential application for vibration control.

Keywords: 1D phononic crystal, Euler-Bernoulli beam, flexural vibration, band gaps, vibration

control.

1. Introduction

Artificial periodic composites known as phononic
crystals (PCs), consisting of a periodic array of scatterers
embedded in a host medium, have been quite studied'"'*. They
have received renewed attention because they exhibit band
gaps where there are only mechanical (elastic or acoustic)
evanescent waves. There are no mechanical propagating
waves in the band gaps. This ability of creating phononic
band gaps is similar to the electronic and photonic band
gaps in semiconductors and photonic crystals, respectively.

The physical origin of phononic and photonic band gaps
can be understood at micro-scale using the classical wave
theory to describe the Bragg and Mie resonances based on
the scattering of mechanical and electromagnetic waves
propagating within the crystal'>.

PCs have many applications, such as vibration isolation
technology'¢%°, acoustic barriers/filters*'-?*, noise suppression
devices*?5, surface acoustic devices?®, architectural design?’,
sound shields?®, acoustic diodes?® and elastic/acoustic
metamaterials!?-2023.25:30-32 (EM/AM), also known as locally
resonant phononic crystals (LRPC).

LRPCs, differently from the traditional PCs which create
the Bragg-type band gaps, present the locally resonant
(LR) band gaps. These LR band gaps can be obtained in a
frequency range of orders of magnitude lower than that given
by the Bragg limit. LR band gaps arise in the vicinity of the
natural frequency of the local resonators while Bragg-type

*e-mail: edson.jansen@ifma.edu.br

band gaps typically occur at wavelengths of the order of
the unit cell size. The concept of an EM or LRPC generally
involves the inclusion of local resonators, and the periodicity
is advantageous (creates the Bragg-type band gaps), but it
is not necessary in an EM?3!32,

Most of the studies concerning PCs focused on investigation
of bulk mechanical waves!*7-'%!2 and its results have shown
that the band gaps may appear because of the contrast
between the physical properties, for instance elastic modulus
and density of the inclusions and matrix. Other important
properties that influence the band gap width are the inclusion
geometry, filling fraction and PC lattice. The band gaps may
also be affected by the physical nature of PC, which can be:
solid/solid®'%'2, fluid/fluid** and mixed solid/fluid** PCs.

Some studies have concentrated on 1D PCs!!*5#8 and
all of them considered solid/solid PC. Among them, some
researches focused on flexural vibration in beams!!35-36:4041.43.45-47
longitudinal vibration in rods***® and wave propagation in
one direction in a 1D solid (considering one-dimensional
periodicity)®7384244 Almost all of them used the traditional
analytical (spectral element - SE*’), semi-analytical (plane
wave expansion - PWE!?) and/or numerical (finite element
- FE*, transfer matrix - TM?>!) methods to obtain the forced
response and/or the band structure.

Only few researchers used methods developed recently*64%.
Junyi et al.*® developed an inverse method to calculate the
band structure of one dimensional periodic structures based
on Bloch wave boundary conditions and wave superposition,
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Abstract: In this investigation, we study the formation of flexural wave band gaps in an epoxy
composite rectangular plate reinforced by Al,O; inclusions using Mindlin theory. We consider four
types of inclusion cross sections: circular, hollow circular, square and rotated square with a 45° angle
of rotation with respect to the x, y axes. The influence of the inclusion geometry and the type of lattice
— square and hexagonal, of the phononic crystal plate on the band structure are analyzed. The study is
performed by using the plane wave expansion (PWE) method to predict the band structure. The
complete band gaps are observed for all types of cross section inclusion and the best performance is
found for rotated square cross section inclusion, considering square lattice, and for circular cross
section inclusion, considering hexagonal lattice. We suggest that the Al,Os/epoxy composite
rectangular plate could be feasible for vibration control.

Keywords: Composite rectangular plate, flexural wave band gaps, Mindlin theory, plane wave
expansion method, vibration control.

1. INTRODUCTION

Aurtificial periodic composites known as phononic crystals (PCs), consisting of a periodic array of
scatterers embedded in a host medium, have been quite studied in the last decades [1-2]. They have
received renewed attention because PCs exhibit complete band gaps where mechanical (elastic or
acoustic) wave propagation is forbidden. The physical origins of phononic and photonic band gaps can
be understood at micro-scale using the classical wave theory to describe the Bragg and Mie
resonances, respectively, based on the scattering of mechanical and electromagnetic waves
propagating within the crystal [3].

Most of the studies concerning PCs focused on investigation of bulk mechanical waves [4—7].
However, recently, some researchers are interested in elastic wave propagating in a finite thickness
plate. Most of studies focused on thin plate considering the classical plate theory [8—12], i.e.
Kirchhoff-Love plate theory [13—14]. There are only a few studies tacking into account higher theories
[15—17], such as Mindlin plate theory [18]. PCs can be applied in many engineering applications, such
as vibrationless environment for high-precision mechanical systems, acoustic barriers, noise
suppression devices, design of transducers and other devices, perfect acoustic mirrors, filters, and high
efficiency waveguides.

Theoretical models of two-dimensional PCs [7,19-20] based on the plane wave expansion (PWE)
method have shown that the width and the localization of the elastic or acoustic band gaps depends on
the composition, the filling fraction, the geometry of the inclusion and the PC lattice. However, only
few studies investigated these variables in a PC plate [9—10]. The Al,Os;/Epoxy PC have already been
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studied [10—11]. However, this system was investigated considering transverse vibration in a thin
plate. Here we considered the transverse vibration in an inhomogeneous isotropic elastic thick plate.
The main purpose of this study is to investigate the elastic band structure of Al,Os;/Epoxy composite
rectangular plate using Mindlin theory, considering transverse vibration in a square and hexagonal
lattices and different types of inclusion geometry cross section: circular, hollow circular, square and
rotated square with a 45° angle of rotation with respect to the x, y axes.

2. THE MODEL

Figure 1 (a) and (b) sketch the cross section of the Al,Os/epoxy composite rectangular plate taking
in to account square and hexagonal lattices (most widely used for PCs), respectively, with arbitrary
inclusion geometry. Note that the type of lattice influences on the band structure of the composite
rectangular plate. Figure 1 (c) and (d) represent the irreducible Brillouin zone (IBZ) (1/8 of the first
Brillouin zone, in shaded region) for square and hexagonal lattices, respectively. In this study, we
consider four types of inclusion as mentioned before: circular, hollow circular, square and rotated
square with a 45° angle of rotation with respect to the x, y axes.

(a) (b)
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Figure 1: A transverse cross section of the binary composite system: an array of inclusions (Al,O;)
periodically distributed in a matrix (epoxy) for square (a) and hexagonal (b) lattices. The IBZ (in
shaded region) for square (c) and hexagonal (d) lattices.

From Mindlin theory [18], considering the isotropic case, the plate equations of motion are:
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where a = a(r) = k?uh, r = xe; + ye, is the two-dimensional spatial vector, e; (i = 1,2) are the

2
basis vectors in the real space, K% = 71r—2 is a constant, u is the shear modulus, h is the plate thickness,
Eh3
12(1-v2)’
v is the Poisson’s ratio B = B() = Dv, ¥,=W¥,(r,t) is the local rotation on the y direction, y =
D(l v)

Y. =W, (r,t) is the local rotation on the x direction, D = D(r) = E is the Young’s modulus,

6 = 6(r) ==, p is the density, T = ©(r) = ph and w=w(r,t) is the displacement on z
dlI'CCtIOn

In order to eliminate the factor time in Eq. (1), we imposed a harmonic time dependence on the
displacement and rotations, thus w(r,t) = w(r)et, W,(r,t) = Yy(r)e'®" and W, (rt) =
¥, (r)e'®t, where w is the angular frequency. Applying the Floquet-Bloch’s theorem [21-22] and
expanding w, W, and ¥, as a Fourier series, one may write:

+ oo +oco
T(r) = eKx Z T(G) ei6x = Z T(G) eiK+G)x @)
G=—0o0 G=—o

where K = ub; + vb, is the Bloch wave vector, u,v € Q are the symmetry points within the IBZ in
reciprocal space, or one may write K = k,e; + k,e,, ky,k, € R are the point coordinates within
the IBZ in Figure 1 (c) and (d) for the real space, b; (i = 1,2) are the basis vectors in the reciprocal
space defined as a;-b; = 27r6;;, by = 2 —2X8_ p, = 2 5. (i =1,2) are the

a;-(azxaz)’ ay-(azxa)’
components of the lattice vector R = (ma, + fa,), m,n € Z. For a square lattice a; = ae; (i =

. 3 . .
1,2), for hexagonal lattice a; = ae;, a, = %el + %ez, a is the lattice parameter, T (r) can be w(r),

W, (r) or W, (r). For square lattice, the reciprocal lattice vector is defined as G = %T (me; + ne,) and
(—-m+2n)

. 21
for hexagonal lattice G = - [me1 + NG

ez],m,n € Z.

Furthermore, one may write:
+o0
H@ = Y HE@)e", ©
G''=—o0

where H is one of the a,D,B,y,8,7, and G has the same expressions of G with m'’, n'’" € Z.
Substituting Egs. (2) and (3) in Eq. (1), one may write for all r and for each G':

Q11 Q12 Q13 6(G'— @) 0 0 ¥, (G)
Z Q21 Q22 Q23 0 6(G' - Q) 0 ¥,(G) =0, 4
G \lOQ31 Q32 Qs 0 0 (G — G) w(G)

where

Q11 = a(G' — G) + D(G' — ®) (K, + G,) (K, + G) +¥(G' — G (K, + G, ) (K, + G},),

81
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Q12 = B(G' = G)(Ky + Gy ) (Ky + G +¥(G' — G) (K + G) (K, + G}),
Q13 = ia(G' — G)(K, + G,),
Q21 = ¥(G' = G)(Ky + Gy ) (K, + Gi) + (G’ — @) (K, + G) (K, + G),
Q22 = a(G' — G) +¥(G' — A (K, + G )(K, + G,) + D(G' — G)(K,, + G, ) (K, + G3,),
Q3 = ia(G' — G)(K, + Gy),
Q31 = —ia(G' — G) (K, + GL),
Q32 = —ia(G' — G)(K, + G}),
Q33 = a(G' — G)(Ky + G )(Ky + Gi) + a(G' — G) (K, + G, ) (K, + G}), )

with G' = G"" + G, and G’ has the same expressions of G with m’, n’ € Z. The Fourier coefficients
are:

_ fHA+(1—f)HBf0rG=0
H(®) _{(HA—HB)F(G) forG # 0

The indexes A and B are related to the inclusion (Al,O;) and matrix (epoxy), respectively, and f is
the filling fraction of each type of inclusion, i.e. circular section of radius r, square section of width 2/,
rotated square section of width 2/ with a 45° angle of rotation with respect to x and y axes and a
hollow circular section with external radius R and internal radius r, R > r. The hollow cylinder has an
internal radius r of epoxy and a thickness R — r of Al,O3 The filling fraction f for square lattice is:

(©)

nr?/a? for circular section, 0 < f < /4
412 /a? for square section, 0 < f <1

, 7
! 412 /a? for square rotated section, 0 < f < 1/2 ™
n(R? —r?)/a? for hollow section, 0sf<mn/4
and for hexagonal lattice:
2nr? /A/3a? for circular section, 0 < f < /23
f 812 /+/3a? for square section, 0 < f < 2/V/3 ®)

812 /\/3a? for square rotated section,0 < f < 1/v/3
2m(R? —r?)/v/3a? for hollow section, 0 < f < m/2V3

The structure function F(G) is defined as:

1 .
F(G) = Eﬂ e T dr2, 9)

with S denoting the area of the unit cell and the integral being performed over the cross section of the
Al,Osinclusion. The structure functions of the inclusions cited above are:

2f]1(Gr)/Gr for circular section
f(sin(G,7) /G, (sin(Gyr)/G,r) for square section
F(G) = sin[(1/V2)(Gx + Gy)]\ (sin[(L/V2) (=G + Gy)]
< (l/‘/z)(Gx + Gy) > ( (l/\/i)(_Gx + Gy)
2f[J:(GR) — (r/R)];(GR)]/(GR) for hollow section

(10)

) for square rotated section’

Equation 4 represents a generalized eigenvalue problem of w?(K) and should be solved for each K
into the IBZ for square, Fig. 1 (c), and hexagonal lattices, Fig. 1 (d).
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3. RESULTS AND DISCUSSION

Epoxy and AL,O; are polycrystalline materials, and may be treated as isotropic on macroscopic
scale. The physical parameters of Al,O; (material A) and epoxy (material B) were obtained from Yao
et al. [10], pa = 3970 kg/m3,Ep = 402.7 GPa,v, = 0.23,pg = 1142 kg/m3,Eg = 4.35 GPa and
vg = 0.378.

We calculated the band structure (the first ten bands) considering a fixed filling fraction (0.283),
thickness (h = a) and lattice parameter (0.022 m) for the four inclusions considering square and
hexagonal lattices. It should be noted that the classical plate theory applicable only for thin plate and
long wavelengths is restricted for kh << 1,h/a <« 1 [10]. In the course of the numerical calculations,
the integers m, n, m’, n’ were limited to the interval [—8, 8] for all results, i.e. 289 plane waves. This
resulted in a very good convergence.

The Fig. 2 (a-d) compares the band structures of a square lattice illustrated in Fig. 1 (a) and (c)
considering flexural vibration and Mindlin plate theory, i.e. Eq. 4, for the four types of inclusions. We
plot the band structure in the three principal symmetry directions of the IBZ (Figure 1 (c)). The plots
are given in terms of frequency in Hz versus the reduced Bloch wave vector k = Ka/2m.

In Fig. 2 (a), one complete band gap was found around 130 kHz for circular cross section. The
relation between the parameters R and r for hollow circular cross section was fixed in r = 0.2R and
we do not investigate the influence of the thickness R — r of Al,O; in the band structure. Figure 2 (b)
does not present any complete band gap. One can observe that the bands in Fig. 2 (b) occur in higher
frequencies compared to circular cross section in Fig. 2 (a). Figure 2 (c¢) shows two narrow complete
band gaps for square cross section inclusion, however, when these inclusions are rotated 45° with
respect to x and y axes, two broader gaps are created in higher frequencies as illustrated in Figure 2
(d). The square rotated cross section inclusion presented the best performance (broader band gaps)
compared to the other inclusions for square lattice.

Figure 3 shows the band structure for the hexagonal lattice. Considering circular cross section
inclusion, Fig. 3 (a), the complete band gap is broader than the band gap of the same inclusion in a
square lattice, Fig. 2 (a). For the hollow circular cross section inclusion, Fig. 3 (b) presents a complete
band gap narrower than the band gap in circular cross section, Fig. 3 (a), in higher frequencies. The
behavior of the band structure in a hexagonal lattice for rotated square cross section inclusions have
not been improved comparing to square cross section inclusion. In Fig. 3 (c), only one broad complete
band gap was observed. While for a square lattice two narrow forbidden bands were achieved, as
illustrated in Fig. 2 (c). Furthermore, for a hexagonal lattice, the band structures of the circular, square
and rotated square cross section inclusion present a similar behavior, just one complete band gap near
130 kHz. In a general way, considering the conditions specified above, the hexagonal lattice presents
broader complete band gaps than square lattice. The circular cross section inclusion presents the best
performance compared to the other inclusions for hexagonal lattice.

4. CONCLUSIONS

We obtain relatively broad complete band gaps where the propagation of elastic waves is
forbidden. In the case of hexagonal array of Al,O; inclusions embedded in an epoxy background, the
band structures of circular, square and rotated square with a 45° angle of rotation with respect to the x,
y axes present approximately a similar behavior and the complete band gap arise in almost the same
ranges of frequency. The hollow circular cross section inclusion does not present a complete band gap
for r = 0.2R, considering a square lattice. Unlike hexagonal lattice, for the square lattice, different
behaviors of the band structure have been obtained for all inclusions. The best performance is found
for rotated square cross section inclusion in a square lattice and circular cross section inclusion in a
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hexagonal lattice. We consider square and hexagonal arrays of inclusions perfectly embedded in an
elastic background. This means that we neglected the effects due to decohesion of the fibres from the
epoxy matrix and to roughness at the interface between the Al,O; inclusions and the matrix. These
defects could modify the elastic wave propagation in composite materials, altering the band structure
of them. The phononic band gaps in Al,Os/epoxy composite plate enlarge the potential applications for
vibration management.
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Figure 2: Elastic band structure of Al,O;inclusions in an epoxy matrix for a square lattice. The
following types of inclusions are considered: (a) circular, (b) hollow circular, (¢) square and (d)
rotated square with a 45° angle of rotation with respect to the x, y axes.
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Figure 3: Elastic band structure of Al,O;inclusions in an epoxy matrix for a hexagonal lattice. The
following types of inclusions are considered: (a) circular, (b) hollow circular, (¢) square and (d)
rotated square with a 45° angle of rotation with respect to the x, y axes.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the Brazilian research funding agency FAPEMA and IFMA
for their financial support of this investigation.

REFERENCES

[1] M.M. Sigalas, E.N. Economou, Elastic and acoustic wave band structure, Journal of Sound and
Vibration, 158, pp. 377-382, 1992.

[2] M.S. Kushwaha, P. Halevi, G. Martinez, Theory of acoustic band structure of periodic elastic
composites, Physical Review B, 49, pp. 23132322, 1994.



86

Edson J.P. Miranda Jr., José M.C. Dos Santos

[3] R.H. Olsson III, I. El-Kady, Microfabricated phononic crystal devices and applications,
Measurement Science and Technology, 20, 012002, pp. 1-13, 2009.

[4] Y. Pennec, J.O. Vasseur, B. Djafari-Rouhani, L. Dobrzynski, P.A. Deymier, Two-dimensional
phononic crystals: Examples and applications, Surface Science Reports, 65, pp. 229-291, 2010.

[5] J. Huang, Z. Shi, Attenuation zones of periodic pile barriers and its application in vibration
reduction for plane waves, Journal of Sound and Vibration, 332, pp. 4423-4439, 2013.

[6] K. Yu, T. Chen, X. Wang, Band gaps in the low-frequency range based on the two-dimensional
phononic crystals plates composed of rubber matrix with periodic steel stubs, Physica B, 416, pp. 12-
16, 2013.

[71 V. Anjos, A. Arantes, Phononic band structure in carbon microtube composites, RSC Advances, 5
pp- 11248-11253, 2015.

[8] M.M. Sigalas, E.N. Economou, Elastic waves in plates with periodically placed inclusions,
Journal of Applied Physics, 75, pp. 2845-2850, 1994.

[9] J. Wen, D. Yu, Y. Liu, Directional propagation characteristics of flexural wave in two-
dimensional periodic grid-like plate structures, Proceedings of the 14™ International Congress on
Sound & Vibration — ICSV14, Cairns, pp. 1-6, 2007.

[10] Z.J. Yao, G.L. Yu, Y.S. Wang, Z.F. Shi, Propagation of bending waves in phononic crystal thin
plates with a point defect, International Journal of Solids and Structures, 46, pp. 2571-2576, 2009.

[11]ZJ. Yao, G.L. Yu, Y.S. Wang, W.J. Hu, Linear defect states of phononic crystal thin plates — an
application of finite element method, Advanced Materials Research, 652—654, pp. 48-51, 2013.

[12] Y. Zhang, Z.-Q. Ni, L. Han, Z.-M. Zhang, H.-Y. Chen, Study of improved plane wave expansion
method on phononic crystal, Optoelectronics and Advanced Materials — Rapid Communications, S,
pp. 870-873, 2011.

[13] A.E.H. Love, The small free vibrations and deformation of a thin elastic shell, Philosophical
Transactions of the Royal Society A, 179, pp. 491-546, 1888.

[14] G. Kirchhoff, Uber das Gleichgewicht und die Bewegung einer elastischen Scheibe, Journal fiir
die reine und angewandte Mathematik, 40, pp. 51-88, 1850.

[15] J.-C. Hsu, T.-T. Wu, Efficient formulation for band-structure calculations of two-dimensional
phononic-crystal plates, Physical Review B, 74, 144303, pp. 1-7, 2006.

[16]J.-C. Hsu, T.-T. Wu, Lamb waves in binary locally resonant phononic plates with two-
dimensional lattices, Applied Physics Letters, 90, 201904, pp. 1-3.

[17] T.-T. Wu, J.-C. Hsu, J.-H. Sun, Phononic Plate Waves, IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, 58, pp. 2146-2161, 2011.

[18] R.D. Mindlin, Thickness-shear and flexural vibrations of crystal plates, Journal of Applied
Physics, 22, pp. 316-323, 1951.

[19] Y.F. Wang, Y.S. Wang, X.X. Su, Large bandgaps of two-dimensional phononic crystals with
cross-like holes, Journal of Applied Physics, 110, 113520, pp. 1-13, 2011.

[20] J.O. Vasseur, B. Djafari-Rouhani, L. Dobrzynski, M.S. Kushwaha, P. Halevi, Complete acoustic
band gaps in periodic fibre reinforced composite materials: the carbon/epoxy composite and some
metallic systems, Journal of Physics: Condensed Matter, 6, pp. 8759—8770, 1994.

[21] G. Floquet, Sur les équations différentielles linéaires a coefficients périodiques, Annales
scientifiques de l'Ecole Normale Supérieure, 12, pp. 47-88, 1883.

[22] F. Bloch, Uber die Quantenmechanik der Electron in Kristallgittern, Zeitschrift fiir Physik, 52, pp.
550-600, 1928.



APPENDIX C -

Materials Research.
DOI: http://dx.doi.org/10.1590/1980-5373-MR-2016-0898

87

Article in Indexed Journal

Band Structure in Carbon Nanostructure Phononic Crystals

Edson Jansen Pedrosa de Miranda Janior***, José Maria Campos Dos Santos*

“Departamento de Mecanica Computacional - DMC, Universidade Estadual de Campinas - UNICAMP,
Rua Mendeleyev, 200, CEP 13083-970, Campinas, SP, Brasil.
bDepartamento de Educac¢do Profissional - DEP, Instituto Federal de Educac¢do, Ciéncia e Tecnologia
do Maranhdao - IFMA, Rua Afonso Pena, 174, CEP 65010-030, Sao Luis, MA, Brasil.

Received: November 30, 2016; Revised: August 28, 2017; Accepted: October 05, 2017

‘We investigate the band structure of elastic waves propagating in carbon nanostructure phononic
crystals with square, rectangular, triangular, honeycomb and Kagomé lattices. We also study the influence
of carbon nanostructure cross section geometry - circular, hollow circular, square and rotated square
with a 45° angle of rotation with respect to the x and y axes. Plane wave expansion method is used to
solve the governing equations of motion of a isotropic solid based on classical elasticity theory, ignoring
nanoscopic size effects, considering two-dimensional periodicity and wave propagation in the xy plane.
Complete band gaps between XY and Z modes are observed for all types of nanostructures. The best
performance is for nanophononic crystal with circular carbon nanostructures in a triangular lattice
with high band gap width in a broad range of filling fraction. We suggest that carbon nanostructure
phononic crystals are feasible for elastic vibration management in GHz.
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1. Introduction

Recently, artificial periodic composites known as
phononic crystals (PCs) have been quite studied''*. They are
created by arranging periodically two or more materials with
different vibrational properties. Elastic/acoustic mismatch
between the constituent materials can be considered to arise
either from difference of material properties/geometric
parameters (e.g., density, elastic modulus, cross-sectional
area) - continuum-scale theory, or from interatomic force
constants and masses - atomic-scale theory.

PCs have received renewed attention because they exhibit
band gaps where there are only mechanical (elastic or acoustic)
evanescent waves and no mechanical propagating waves.
Novel physical properties of PCs arise from the possibility
of creating phononic band gaps and negative refraction
(phonon branches with negative group velocity)*. Phononic
band gaps are similar to electronic and photonic band gaps
in semiconductors and photonic crystals'>!®, respectively.

The physical origin of phononic and photonic band gaps can
be understood at micro-scale using the classical wave theory
to describe Bragg and Mie resonances, respectively, based
on the scattering of mechanical and electromagnetic waves
propagating within the crystal'’. PCs have many applications,
such as vibration isolation technology'®22, acoustic barriers/
filters®*?5, noise suppression devices?®?’, surface acoustic
devices?, architectural design®, sound shields®’, acoustic
diodes?!, elastic/acoustic metamaterials®!'-?>2527-32 (EM/AM),

*e-mail: edson.jansen@ifma.edu.br

also known as locally resonant phononic crystals (LRPC),
and thermal metamaterials®*3° (TM), also known as phononic
thermocrystals or locally resonant phononic thermocrystals.

Phononic thermocrystals can reduce the thermal conductivity
in a nanostructured semiconducting material without affecting
other important factors, especially electrical conductivity.

LRPCs, differently from traditional PCs which create
Bragg-type band gaps, present locally resonant (LR) band
gaps. LR band gaps can be obtained in a frequency range of
orders of magnitude lower than that given by Bragg limit. LR
band gaps arise in the vicinity of the local resonator natural
frequency while Bragg-type band gaps typically occur at
wavelengths of the order of unit cell size. The concept of
EM or LRPC generally involves local resonators, and the
periodicity is advantageous (creates Bragg-type band gaps),
but it is not necessary in an EM?3%34,

Researchers have been studied PCs on pm!0%:17:40:41
scales, with frequency band gaps ranging from GHz and kHz
to MHz, respectively. However, they present poor electronic
and optical applications. More recently, with the advance of
nanomaterial fabrication, nanophononic crystals have been
studied and it is possible to control wave propagation in a
frequency range from hypersonic34*3! to thermal®-°. Only
few studies have focused on carbon microstructure'’ and
carbon nanostructure PCs in a hypersonic frequency range
for elastic wave propagation control. Anjos & Arantes'®
studied the influence of carbon microtubes in an epoxy
matrix achieving band gaps ranging from GHz scale. These

-mm

researchers'® only studied hollow circular cross section
geometry in a square lattice.
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‘We study the band structure of elastic waves propagating in a nano-piezoelectric phononic crystal
consisting of a polymeric matrix reinforced by BaTiO, inclusions in square, rectangular, triangular,
honeycomb and Kagomé lattices. We also investigate the influence of inclusion cross section geometry -
circular, hollow circular, square and rotated square with a 45° angle of rotation with respect to x
and y axes. Plane wave expansion method is used to solve the governing equations of motion of a
piezoelectric solid based on classical elasticity theory, ignoring nanoscopic size effects, considering
two-dimensional periodicity and wave propagation in the xy plane. Complete band gaps between XY
and Z modes are observed for all inclusions and the best performance is for circular inclusion in a
triangular lattice. Piezoelectricity influences significantly the band gaps for hollow circular inclusion
in lower frequencies. We suggest that nano-piezoelectric phononic crystals are feasible for elastic

© 2017

vibration management in GHz.

Keywords: nano-piezoelectric phononic crystal, band structure, plane wave expansion method,

complete band gaps, vibration control.

1. Introduction

Phononic crystals (PCs) are artificial periodic composites
designed to exhibit phononic band gaps and they have been
quite studied!"'*. There are no mechanical (elastic or acoustic)
propagating waves in phononic band gaps, only evanescent
waves. These band gaps are created by the periodically
mismatch between the constituent materials. This mismatch
can be considered to arise either from difference of material
properties or geometry (continuum-scale theory), or from
interatomic force constants and masses (atomic-scale theory).

The ability of creating phononic band gaps is similar
to the electronic and photonic band gaps in semiconductors
and photonic crystals!>!¢, respectively. The physical origin
of phononic and photonic band gaps can be understood at
micro-scale using the classical wave theory to describe
the Bragg and Mie resonances, respectively, based on
the scattering of mechanical and electromagnetic waves
propagating within the crystal'’.

PCs have many applications, such as vibration isolation
technology!'®22, acoustic barriers/filters?>*2°, noise suppression
devices?*?’, surface acoustic devices?, architectural design?’,
sound shields*, acoustic diodes?!, elastic metamaterials?!-222527:32
and thermal metamaterials3*-3.

There are also smart PCs that have been studied, such as
piezoelectric*->, piezomagnetic®*-*® and magnetoelectroelastic'*>-3
PCs. Among these intelligent PCs, piezoelectric PCs are
sensitive to elastic and electric field. Even though the band

*e-mail: edson.jansen@ifma.edu.br

structure behavior of piezoelectric PCs have been already
investigated, to our knowledge only few studies*®-4-!
focused on the influence of inclusion geometry and lattice
on band gap formation. Wang and co-workers*® considered
a piezoelectric PC with square lattice and different inclusion
geometries (regular triangle, square, hexagon, circle and
oval). They found that the largest complete band gap is
obtained by selecting the inclusion with the same symmetry
of lattice for the first band gap. Hsu et al.*’ studied the band
structure of a piezoelectric PC with square and triangular
lattices using Mindlin-Reissner plate theory and considering
only circular inclusion. Qian and co-workers*® studied the
band structure of piezoelectric PCs with square lattice and
circular and square inclusions. They revealed the existence of
several very large complete band gaps in PZT rods reinforced
polythene composite. Zhou et al.* investigated the band
structure of piezoelectric PCs consisting of rectangular
inclusion in an epoxy substrate. They considered a PC
with square and triangular lattices. Wang and co-workers®!
considered a piezoelectric PC with circular inclusions and
square and rectangular lattices. They verified that the largest
band gap width is not always obtained for a square lattice.
In some cases, rectangular lattice can produce broader gaps.
In this context, we extend the studies about piezoelectric
PCs*-34 considering the influence of different inclusion
geometries - circular, hollow circular, square and rotated
square with 45° angle of rotation with respect to the x and y
axes, and different lattices - square, rectangular, triangular,
honeycomb and Kagomé on the band structure.



&9

APPENDIX E - Full Paper in Conference Proceedings

COMPLETE BAND GAPS IN TWO-DIMENSIONAL
MAGNETOELECTROELASTIC PHONONIC CRYSTALS

Miranda Jdnior, E.J.P.2" and Dos Santos, J.M.C.2

“University of Campinas, UNICAMP-FEM-DMC-LVA,
Mendeleyev Street, 200, 13083970, Campinas, SP, Brazil.

bFederal Institute of Education, Science and Technology of Maranhdo, IFMA-CCH-NIB-DEP,
Afonso Pena Street, 174, 65010030, Sdo Luis, MA, Brazil.
E-mail of the corresponding author: edson.jansen @ ifma.edu.br

ABSTRACT

During the last decades many researches have been interested in the field of wave propagation in periodic com-
posite systems known as phononic crystals. Phononic crystals are designed to have exotic behaviour and this
concept has been first conceived for photonic crystals. They consist of a periodic array of scatterers embedded in a
host medium. Due to its periodicity, mechanical waves are forbidden to propagate (band gaps) in some frequency
ranges. We investigate the band structure of elastic waves propagating in a magnetoelectroelastic phononic crystal,
consisting of a polymeric matrix reinforced by BaTiO3-CoFe,0y4 inclusions in a square, rectangular, triangular,
honeycomb and Kagomé lattices. We also study the influence of inclusion geometry - circular, hollow circular,
square and rotated square. The plane wave expansion method is used to solve the constitutive equations of a mag-
netoelectroelastic material considering wave propagation on the xy plane. The complete band gaps between the XY
and Z modes are observed to all types of inclusion in all lattices. The best performance for square and rectangular
lattices is found for rotated square inclusion. For triangular lattice, the circular, square and rotated square inclu-
sios present, approximately, the same behaviour and the best performance for honeycomb and Kagomé lattices is
found for circular and hollow circular inclusions, respectively. The best performance for the magnetoelectroelastic
phononic crystal studied is for hollow circular inclusion in a triangular lattice with a band gap width of 20.55 kHz.

KEYWORDS: magnetoelectroelastic phononic crystal, complete band gaps, vibration control, plane wave expan-
sion method.

1. INTRODUCTION

Recently, artificial periodic composites known as phononic crystals (PCs) have been quite studied [1, 2, 3, 4, 5,
6,7, 8, 9]. They are composed by a periodic arrangement of two or more materials with different properties. The
mismatch between the constituent materials may arise either from difference of material properties and/or geometry
(density, elastic modulus, cross-sectional area) - continuum-scale theory, or of interatomic force constants and
masses - atomic-scale theory.

PCs have received renewed attention because they exhibit band gaps where mechanical (elastic or acoustic) wave
propagation is forbidden. The novel physical properties of the PCs arise from the possibility of creating band gaps
and negative refraction (phonon branches with negative group velocity) [10]. The ability of creating phononic
band gaps is similar to the creation of electronic and photonic band gaps in semiconductors and photonic crystals
[11, 12], respectively.

The physical origin of phononic and photonic band gaps can be understood at micro-scale from the classical wave
theory to describe the Bragg and Mie resonances, respectively, based on the scattering of mechanical and elec-
tromagnetic waves propagating within the crystal [13]. PCs have many applications, such as vibration isolation
technology [14, 15, 16, 17, 18], acoustic barriers/filters [19, 20, 21], noise suppression devices [22, 23], surface
acoustic devices [24], architectural design [25], sound shields [26], acoustic diodes [27], elastic/acoustic metama-
terials [17, 18, 21, 23, 28], also known as locally resonant phononic crystals, and thermal metamaterials [29, 30],
also known as phononic thermocrystals or locally resonant phononic thermocrystals.
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There are also smart PCs that have been studied, for instance, piezoelectric [31, 32, 33, 34, 35, 36, 37, 38, 39, 40,
51, 52, 43, 44, 45] and piezomagnetic [46, 47, 48, 49]. However, few studies focused on magnetoelectroelastic
phononic crystals (MPCs) [50, 51, 52, 53, 54].

The main purpose of this study is to investigate the elastic band structure, also known as dispersion diagram, of
a MPC composed by BaTiO3-CoFe;O4 inclusions in a polymeric matrix. It is considered wave propagation on
the xy plane (longitudinal-transverse vibration, XY mode, and transverse vibration, Z mode) in an inhomogeneous
transversely isotropic elastic solid. The MPC has two-dimensional periodicity and different inclusion geometries
- circular, hollow circular, square and rotated square with a 45° angle of rotation with respect to the x and y axes
in a square, rectangular, triangular, honeycomb and Kagomé lattices. The semi-analytical plane wave expansion
[1, 2] (PWE) method is used to obtain the elastic band structure. Complete band gaps between XY and Z modes
are observed to all types of inclusions in all lattices.

2. MAGNETOELECTROELASTIC PHONONIC CRYSTAL MODELLING

This section presents the PWE formulation for a MPC. PWE, also known as @ (K), is one of the most used methods
to calculate the elastic band structure of PCs and it has been applied in MPCs [50, 51, 52]. In structural dynamics,
PWE method can be comparable to the space-harmonics approach, when uniform beams and plates with periodic
supports or stiffeners are usually considered [55, 56, 57].

We also consider a two-dimensional periodicity, i.e. 2D MPC, transversely isotropic elastic solid and wave prop-
agation in the xy plane. Figure 1 (a-j) sketches the cross section of the BaTiO3-CoFe;O4/polymer MPC taking
into account square, rectangular, triangular, honeycomb and Kagomé lattices, respectively, with an arbitrary inclu-
sion geometry. Figure 1 (f-j) represents the irreducible Brillouin zone [58] (IBZ), in shaded region, for the square,
rectangular, triangular, honeycomb and Kagomé lattices, respectively.

Figure 1 — Transverse cross section of the MPC: an array of BaTiO3-CoFe, 0y inclusions periodically distributed in a polymeric
matrix for (a) square, (b) rectangular, (c) triangular, (d) honeycomb and (e) Kagomé lattices. The irreducible Brillouin zone
(IBZ), shaded region, for (f) square, (g) rectangular, (h) triangular, (i) honeycomb and (j) Kagomé lattices.

There are three variations of hexagonal lattice: triangular, honeycomb (or graphite) and Kagomé lattices [59]. We
consider four types of inclusion: circular, hollow circular, square and rotated square with a 45° angle of rotation
with respect to the x, y axes.

The IBZ points in Figure 1 (f-j) are I" (0,0), X (/a,0) and M (x/a, 7/a) for square lattice, I" (0,0), X (7 /ay,0),
M (n/ay,%/a;) and K (0,7 /as), with a; > ay, for rectangular lattice, I' (0,0), X (47/3a,0) and M (/a, /+/3q)
for triangular lattice, ' (0,0), X (47/3v/3a,0) and M (7/+/3a,/3a) for honeycomb lattice, and T" (0,0), X
(27/3a,0) and M (1/2a, 7t /2+/3a) for Kagomé lattice.

2.1. PWE Formulation
The constitutive equations of a magnetoelectroelastic material are [60]:

Oij = Cijiaur, — eiijEr — quijHi, (D
D; = ejqur; + €1 Ej + Ay Hj, (2
B; = qiqug, + Ay Ep + Ty Hj, 3
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where 1, j,k,l = 1,2,3, 0;; is the elastic stress tensor, D; is the electric displacement vector, B; is the magnetic
induction vector, u; is the elastic displacement vector, ¢ is the electric potential, ¢ is the magnetic potential, ¢;;; is
the piezoelectric tensor, g;;; is the piezomagnetic tensor, g; is the dielectric tensor, I'y; is the magnetic permeability
tensor, A; is the electromagnetic tensor and c; ki 1s the elastic stiffness tensor. The standard tensor notation is used
with Latin indices running from 1 to 3. They obey Einstein’s summation convention when repeated.

We restrict the treatment to linear media, thus the elastic strain tensor &; is simplified:

1
& =5 (g =+ up ). 4)

Besides, based on the quasi-static approximation, there are no electromagnetic sources and the curls are zero, thus
the electric and magnetic fields are taken as gradients of scalar potentials and one can write Egs. (5) and (6):

E =—9¢,, ®)
H =~y (6)

where E; and H; are the electric and magnetic field vectors, respectively.
The differential equations of motion in the absence of body forces are given by:

Giji = Piij, 7
D;; =0, ®)
B;; =0, &)

where p is the mass density and dot denotes differentiation with respect to time. Substituting Eqs. (1-3) in Egs.
(7-9), applying the simplifications of Eqgs. (4-6), considering a transversely isotropic elastic solid, with a z axis
normal to the plane of isotropy, and a two-dimensional problem, d/dx3 = 0, results:

piit = (criur,1 +ciouzn) 1+ [ces (Ui 2 +uz1)] 2, (10)
piix = (crour,1 +criuzn) 2+ [cos (Ui 2 +uz 1)) 1, (11)
piiz = (casuz 1 +e1501+q159.1) 1 + (casuz 2 +e1502+q1592) 2, (12)
09 = (ersus1 — €191 — A1@1) 1+ (e1susp — €192 — A1192) 2, (13)
00 = (q1suz,1 — A1 —T11o1) 1+ (qisuzp — 2192 —T1192) 2, (14)

where Co — %(Cll — ClZ)-
We apply the temporal Fourier transform to Egs. (10-14) and omitting frequency dependence, gives:

—@?puy = (criur1 +erauan) 1+ [ces (12 +uat)] 2, (15)
—@?puy = (crour 1 +eriuan) 2+ [cos (12 +ua 1)) 1, (16)
—@?pus = (cagus s +e150,1 +qis@1).1 + (casuzz +e1502 +q1592) 2, (17)
—0*0¢ = (ersuz 1 — €110,1 — A1 @11 + (e1su32 — €102 — M192) 2. (18)
— 0?09 = (q1su31 — AM101 —T11901) 1+ (q1su32 — 192 —T1192) 2, (19)

where o is the angular frequency.

In order to consider a MPC, one can note that ¢ = ¢11(r), c12 = ¢12(r), co6 = Co6(T), Caa = caa(r), e15 = e15(r),
qi15 = q15(l‘), €11 = €11 (l’), 2,11 = 111 (l’), I')= F]l(l'), p= p(l’), u; = M,’(I‘,t), ¢ = ¢(I‘,Z) and Q= (P(I',l), because
we consider two different materials - BaTiO3-CoFe,O4 (inclusion) and a polymer (matrix). For two-dimensional
periodicity (the system has translational symmetry in z direction and the material parameters depend only on the x
and y coordinates), thus r = xe| +ye; (x,y € R) is the two-dimensional spatial vector and e; (i = 1,2) are the basis
vectors in the real space. Besides, each one of the parameters ¢1;(r), c12(r), ces(r), caa(r), e15(r), g15(r), €11(r),
Ai(r), T1i(r), p(r) is represented in Eq. (20) by P(r) and has a position dependence expressed by [63]:

Nc oo
P(r)=Ps+) Y (Pa—Pg)H(a;—|r—ii;—Fl]), (20

j=1F=—0c0

where T = pa; +qay (p,q € Z) is the lattice vector, a; (i = 1,2) are its vectorial components (also known as
primitive vectors), @i; is the position vector of the j-th inclusion, the indexes A and B are related to the inclusion
(BaTiO3-CoFe,04) and matrix (polymer), respectively, N¢ is the number of inclusions into the unit cell, H(x) is
the Heaviside function defined as H(x) = 1,if x > 0 and H(x) = 0, if x < 0 and «; is a parameter associated with
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the j-th inclusion. This parameter can be the inclusion radius, 7 (for circular cross section) the inclusion width, 2/
(for square and rotated square cross sections) and the inclusion radius thickness, R — 7 (for hollow circular cross
section), with R > 7. Note that the hollow circular inclusion has a internal radius, 7, of polymer and a thickness,
R—F of BaTiO3-CoFe;0y.

The primitive vectors are given by square lattice a; = ae; (i = 1,2), rectangular, a; = aje;, a, = ape,, triangular
lattice, a; = aey, ay = Je; + \[eg, honeycomb lattice, a; = “\fel + 3“e2, a = ——‘[el + 3“e2 and Kagomé lat-
tice, a; = aeq + a\/§e2, a = —ae; + a3 3e;. The lattice parameter for square, triangular, honeycomb and Kagomé
lattices is denoted by a whereas a; and a; are the lattice parameters for rectangular lattice. It is important to high-
light that the square, rectangular and triangular lattices have one inclusion into the unit cell (N¢c = 1), whereas
honeycomb and Kagomé have two (N¢ = 2) and three (N¢ = 3) inclusions, respectively.

Due to the system periodicity, one can invoke the Floquet-Bloch’s theorem [61, 62]:

T(r) = ™" Ti(r), 1)

where T'(r) can be u;(r), ¢(r) or @(r), Ti(r) is the Bloch wave amplitude, it can be u;, (r), ¢k (r) or @i (r), and k =
kie; + kpe; is the Bloch wave vector, also known as wavenumber, and it is restricted to the IBZ, where (k;,k, € R)
are the points coordinates within the IBZ in Figure 1 (f-j) for the reciprocal space. Note that Tx(r) = Tk(r + ),
T(r+7t) = T(r)e’®T, where the exponential ¢’*T is called Bloch periodic boundary condition.

Expanding u;, (r), ¢ (r) or ¢k (r) as Fourier series on the reciprocal space and considering wave propagation in the
xy plane (k3 = 0), we can rewrite Eq. (21):

T(I‘) _ ezk~r Z Tk( zg r_ Z Tk k+g (22)

g:700 gffoo
where g is the reciprocal lattice vector and it is calculated for square lattice, g = (me1 + ney), for rectangular
lattice, g = 27( 7 e; + ;-€), for triangular lattice, g = 2 (me; + = ”\’;Mez] for honeycomb lattice, g = W[(m -

n)e; + (et 7 )ez] and for Kagomé lattice, g = Z[(m —n)e; + (m ﬁ) ], with m, n € Z.

We can also expand the materials properties in Fourier series in the reciprocal space as:

+w -
r)= Y P(g)e*, (23)

g=—o0

where g has the same expressions of g for each lattice, with m, i1 € Z. We use g instead of using g to highlight the
difference between the Fourier series expansions of material properties and the displacements and potentials.
The Fourier series coefficients, P(g), are defined as:

1 .
s\ —igr j2
P@E) = ¢ / / P(r)e ®rd’r, (24)

where Sc = ||a; X ap]] is the cross section area of the unit cell.
Substituting Eq. (20) in Eq. (24) and calculating the integral, we can rewrite Eq. (24) as:

NC Py
P(g) = PO + (Pa — P5) (1~ 830) ) F(B)e ®", (25)
j=1
where 8z is the Kronecker delta, it is defined as 850 = 1 if § =0 and 830 =0if §# 0, P= fPs+ (1 — )P, f = gg
is the filling fraction, S, is the cross section area of the inclusion and F(g) is the structure function associated with
each geometry (circular, hollow circular, square and rotated square), and it is defined as:

5) = é / / TR, 26)

The structure function, F(g), calculated by Eq. (26) for circular, hollow circular, square and square circular inclu-



sions are:

F@ =7 sin_(g'jf) sin_(ggf)’
81r oF
Fg) =F sin[(1/v/2)(81 +82)] sin[(1/v2)(—&1 + )]
UN)GE+8)  UV2)(-51+5)
/1 (8R) — (7/R)1(8R)]
gR

)

F(g)=2f

respectively, where § = ||g], §12 = ||81.2]|-
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(27a)

(27b)

(27¢)

(27d)

The Fourier series coefficients, Eq. (25), can be rewritten for a square, rectangular and triangular lattices (N¢ = 1)

with the inclusion localized at @i} = 0:
P(g) = P50+ (P — P)(1 — 0g0)F (8).-
For honeycomb lattice (N¢ = 2), we can rewrite Eq. (25) as:
P(g) = P30+ (Pa — P5)(1 — 830)2cos (8- 1 ) F (g),

where ii; = —tip = %ez. We chose these vectors similar to Gao et al. [64].
For Kagomé lattice (N¢ = 3), we can rewrite Eq. (25) as:

3
P(8) = Pdgo+ (P — P3)(1 — &) Z Ve B
]:
where @) = _§el - Qez, i) = Je; — @ez and i3 = @el

The expression ) ;_; ~81; can be split in its real and imaginary components as:
p , F(g)e P ginary p

3 o 3 3 .
L F@e ™Y =R F@e ¥+ F@e#Y],
j=1 j=1 j=1
where the real and imaginary components are:
3 ==
R[Y F(g)e Y] = [2cos (g1, ) cos (Z2il1,) 4 cos (2821, )| F (&),
j=1
3 ==
S[Y. F(g)e ®%] = [~2cos (g1, ) sin (g1, ) + sin (28211, ) F (8).

J

where i, , = ||, ||, with j = 1,2.
Substituting Egs. (22-23) in Eqgs. (15-19), with g = g+ g, we may write:

0 oo
Y Y {(—0o’pE-g)ui(g)+cii(E—g)ui () (k+8)1(k+8)1 +ci2(8—g)uz, (8) (k+g)2(k+ @)

g=—of=—
o6 (& — 8)[u1, (8) (k+ )2 + 1, (&) (k+ g)1](k + 8)2 ' KT =,
4oo oo
Y Y {—0?p(E—g)uz (8) +cra(@—g)ur, (8)(k+8)1(k+8)2+c11(B—guz, (8) (k+8)2(k+3)2
g=—0g=—
+eo6(8 — &) [ur, (&) (k+ )2+ un, (8) (k+g)1](k+8)1 }e M BT =0,
4o oo

Y Y {—0?p(E—g)us, (8) + caa(B— )us, (8) (k+ )1 (k+2)1 +e1s(B— ) o (8) (k+g)1 (k+2)1

g=—c0F=—o0

(28)

(29)

(30)

€2V

(32)

(33)

(34)

(35)

Tq15(E—2) Pk (8) (k+ )1 (k+2)1 + caa(8 — g)us, (8) (k+g)a(k+ )2 + e15(8 — 8) 9k (8) (k + g)2(k + 8)2

+q15(8 — 8) Pk (g) (k+8)2(k+§)2 ! ETET =0,

(36)
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foo oo
Y, Y {~0’00k(g) +eis(E—g)us, (8) (k+g)1(k+8)1 —en(E—g)d(g)(k+ )1 (k+2)

g=—cof= oo
—M1(E—g)ox(g)(k+g)1(k+8)1 +eis(8—gus, (g8)(k+g)a(k+8)2 —€11(&—g)ox(g)(k+g)a(k+8)2
—A1(8—8)ou(g) (k+g)2(k+ )2} BT =0, 37)

Y Y {—0200(g) - a15(E — 8 (&) (k-+ )1 (k+8)1 — s (B— &) Ou(®) K +8)1 (k+8):

g=—c0f=—oo

T (E—g)ox(g)(k+8)i1(k+8)1 +q15(&—g)us, (8)(k+8)2(k+8)2 — A1 (E—g)Pk(g) (k+g)2(k+§)2
—T11(&—8)ou(g) (k+8)a(k+ )2} BT =0, (38)

Multiplying Egs. (34-38) by ¢ "8 and integrating over the unit cell, gives:

+c66(8 — 8)[u1, (8)(k+8)2 +uz, (8)(k+8)1](k+8)2} =0, (39)

+co6(8— &) [u1, (&) (k+8)2 +uz (8) (k+ g ] (k+8)1} =0, (40)

f {~0’p(&—g)us, (8) +caa(B— gz, (8) (k+8)1(k+2)1 +e15(E— )9 (g) (k+8)1(k+8)1
g oo

158~ 2) Pk (8) (k+ )1 (k+8)1 + caa(8 — g)us, (8) (k+g)a(k+g)2 + e15(8 — 2) 9k (g) (k + g)2(k + )2
+q15(8—2) ok (g) (k+8)2(k+8)2} =0, (41

f {~0’09k(g) +e15(& — g)us, () (k+8)1 (k+8)1 — €11 (B~ 2)9x(8) (k+8)1 (k+2)1
g oo
—A1(8—2)Pk(g)(k+8)1(k+2)1 +e15(8 — g)uz, () (k+g)2(k+8)2 — €11 (E— )P (g) (k+g)2(k+2)2

—A(8—g)ok(g)(k+g)2(k+§)2} =0, (42)

Y {—0’00k(g) +q15(&— g)us, (8) (k+8)1(k+2)1 — A (B—8)9x(8) (k+ )1 (k+2)
el

“T1(E—g)ox(g)(k+g)i1(k+8)1 +qi5(8—g)us, (&) (k+g)a(k+8)2— A1(E—g)dx(g)(k+g)a(k+8)2
T (8—g)ex(g)(k+8)a(k+g)} =0. (43)

Eqgs. (39-43) are an infinite system of equations, thus the Fourier series needs to be truncated. Choosing m = m =
n=i=[—M,...,M], the total number of plane waves is (2M + 1)?. Therefore, Egs. (39-43) can be expressed in a
matrix form as:

(K— 0’M)q =0, (44)

where

K1 Kp 0 0 0
Ky Kn 0 0 0
K= 0 0 Kz Ky Kss |. 45)
0 0 Ki3 Ky Ky
0 0 Ksz3 Kss Kss
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The sub-matrices in Eq. (45) are given by:

Kii =Ci1(2—8)o(K+G) 0 (K+G) + Ces(2—8) o (K+ G20 (K+G)y, (46)
Ki2=Cpp(g—g)o(K+G)0(K+G);+Ces(8—g) o (K+G)j o (K+G)y, (47)
Ko = Ci2(2—g) o (K+G) 0 (K+G)2 4 Ces(2—8) o (K+ G20 (K+G)y, (48)
K = Ci1(2—8) o (K+G)20(K+G)2 4 Ces(2—8) o (K+G) 0 (K+G)y, (49)
K33 =Cu(@—g)o(K+G)1o(K+G) +Cus(@—g) o (K+G)r0(K+G)y, (50)
Ky =E;5(8—g) o (K+G) o (K+G) +Ej5(8—g) o (K+G)20(K+G)y, 1)
K3s = Qis(2—g) o (K+G)10(K+G)1 +Qi5(—g) o (K+G)r0(K+G), (52)
Ky=-F(8—g)o(K+G)o(K+G) —F1(8—g)o(K+G)ro(K+G),, (53)
Kys = —A11(8—8)o(K+G) 10 (K+G)1 —A11(8—g) o (K+G)r0 (K+G), (54)
Kss = -T11(g—g)o (K+G)i10(K+G); —T11(g—g) o (K+G)20(K+G)a, (55)

where o represents the Hadamard product, and for i, j = 3,4,5,
K;; =Kj;. (56)

The matrices C11(g — g), C12(8 — g), C44(8 — g). Cos(E—8). E15(8—g). Qi5(8— ). F11(g— ). A (8—g).T1(g—g)
are the matrix form of the Fourier series coefficients, c¢1;(g—g), ci2(8—g), caa(8—g), ce6(E—8), e15(8—g),
q15(8—¢), €n1(8—g), M1(g—g), ['11(g—g), respectively, and can be defined by Eq. (25) in a matrix form:
_ NC = -
P(g—g) =PI+ (Py+Ps)(J—T)o ) F(g—g)e &8, (57)
j=1

where I is the identity matrix, J is the unit matrix (all elements consisting of 1), and the matrix form of the structure
function, F(g — g), is given by:

FE(-M)—g(-M)]  Fl(-M+1)—g(-M)] .. F[EM)—g(M)
_ Flg(-M)—g(-M+1)] Flg(-M+1)—g(-M+1)] ... F[gM)—gM+1)]
F(g—g) = : : . . . (58)
Flg(—M)—g(M)] Flg(-M+1)—gM)] ... F[gM)—gM)]
where F(g — g) is defined in Eqs. (27a-27d) for each inclusion geometry.
The matrices K, G and G in Egs. (46-55) are given by:
K, =kJ, (59)
and
1 gi(—M) gi(—M) gi(-M+1) ... &i(M)
) 1 gi(—M+1) gi(—M) gi(-M+1) ... &M)
1 gi(M) gi(—M) gi(-M+1) ... gi(M)]
with i = 1,2, ® is tensor product, also known as dyadic or outer product, and G; = G}.
The matrix M is expressed by:
pa-g 0 )
0 pE-g 0 00
K=| 0 0  p-g 00 ©1)
0 0 0 00
0 0 0 0 0
where p(g — g) is defined by Eq. (57).
The vector q in Eq. (44) is given by:
lllk(g)
qu(g)
q= usz, (g) B (62)
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where the vectors u;, (g), §x(g), Pk(g) can be represented by Tk (g) as:

Tu(g) = { Tklg(—M)] Tlg(-M+1)] ... Tlg(M)] }. (63)

The Eq. (44) represents a generalized eigenvalue problem of (k). This equation must be solved for each Bloch
wave vector into the IBZ (Fig. 1 (f-j)). For each value of the Bloch wave vector, 5(2M + 1)2 eigenvalues are
obtained.

3. SIMULATED EXAMPLES
The physical parameters of BaTiO3-CoFe;0O4 (A) and the polymer (B) are listened in Table 1.

Table 1 — Physical parameters of BaTiO3-CoFe,04 (A) and polymer (B) [51].

Geometry/Property Value

Unit-cell length (a) 0.022 m

Filling fraction (f) 0.45

Mass density (pa, Pp) 5.73 kg/m3, 1.15 kg/m?

Elastic constant (c11,, ¢11,) 166 x 10° N/m?, 7.8 x 10° N/m?

Elastic constant (c12,, C12,) 77 x 10° N/m?, 4.7 x 10° N/m?

Elastic constant (ca4,, c44,) 43 x 10° N/m?, 4.6 x 10° N/m?

Elastic constant (ce6,, Co65) 44.5 x 10° N/m?, 1.55 x 10° N/m?
Piezoelectric coefficient (eis,, e15;) 11.6 C/m?, 0 C/m?

Dielectric coefficient (€11, €11,) 11.2 x 1072 C3/Nm?, 0.0398 x 1072 C2/Nm?2

Piezomagnetic coefficient (g1s,, g15;) 550 N/Am, 0 N/Am
Magnetic permeability (T'y1,, T'11,) 5 Ns2/C2?, 5 Ns?/C?
Electromagnetic constant (A11,, A1)  0.005 x 10~2 Ns/VC, 0 Ns/VC

We calculate the elastic band structure considering a fixed filling fraction, 0.45, for the four inclusion cross section
geometries (circular, hollow circular, square and rotated square with a 45° angle of rotation with respect to the x, y
axes) in a square, rectangular, triangular, honeycomb and Kagomé lattices. In the course of numerical calculations,
we choose 441 plane waves for the Fourier series expansion (M = 10), which resulted in a good convergence.

We restrict the band structure plots until a maximum frequency of 150 kHz and to the IBZ illustrated in Fig. 1 (f-
7). The plots are given in terms of frequency in Hz versus the reduced Bloch wave vector k = ka/27. The reduced

Bloch wave vector for rectangular lattice is calculated by a = (a% —|—a%). Furthermore, the relation between the

parameters R and 7 for hollow inclusion is fixed in # = 0.2R and we do not investigate the influence of the BaTiO;3-
CoFe, 04 thickness, R — 7, on the band structure.

Fig. 2 (a-d) illustrates the band structure of a MPC with square lattice for the four types of inclusion, considering
the XY (red) and Z (blue) modes. Note from Eqgs. (10-14) that only the Z mode contains the piezoelectric and
piezomagnetic effects. There are two complete band gaps for circular inclusion, Fig. 2 (a). For hollow circular
inclusion, Fig. 2 (b), only one complete band gap is observed and the first bands occur in higher frequencies
compared to the other inclusions.

Figure 2 (c¢) shows two complete band gaps for square inclusion. When these square inclusions are rotated 45°
with respect to x and y axes, three complete band gaps are created, instead of two, as illustrated in Figure 2 (d).
The band structure for rotated square inclusion presents more complete band gaps than the other inclusions and the
broadest band gap with a 16.15 kHz of bandwidth.

The band structure for a rectangular lattice is illustrated in Fig. 3. The band structure behaviour for circular and
hollow circular inclusions in a rectangular lattice is similar to square lattice. For all inclusions, the complete band
gaps for rectangular lattice are narrower than square lattice. Besides, the number of band gaps for square and
rotated square inclusions, Figs. 3 (¢-d), respectively, in a rectangular lattice is lower than in a square lattice, Figs. 2
a, c and d. The broadest complete band gap in a rectangular lattice is for rotated square inclusion, similar to square
lattice, and the bandwidth is 11.360 kHz.

Figure 4 shows the band structures for triangular lattice. For square and rotated square inclusions, Figure 4 (c-d),
respectively, we observe a complete wide band gap in, approximately, the same range of frequency, i.e. 61.04 kHz
- 42.98 kHz. The broadest band gap is observed for the hollow circular inclusion with a complete band gap width
of 20.55 kHz. Comparing the band structures of triangular lattice to the square and rectangular lattices, we observe
that the triangular lattice present broader complete band gaps for all inclusions.
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Figure 2 — Elastic band structures of XY (red) and Z (blue) modes of the magnetoelectroelastic phononic crystal for square
lattice, considering (a) circular, (b) hollow circular, (c¢) square and (d) rotated square inclusions.

Figure 5 illustrates the band structures for honeycomb lattice. Two complete band gaps are opened up for all
inclusions. The broadest band gap is observed for the circular inclusion with a bandwidth of 13.320 kHz.

In Fig. 6, it can be observed the band structures for Kagomé lattice. The square and rotated square inclusions,
Figure 6 (c-d), respectively, present a complete band gap at the same frequency range and the hollow inclusion
presents the broadest band gap with 11.97 kHz of bandwidth, similar to triangular lattice.

The best performance of the MPC depends on the number of complete band gaps and its bandwidth. The triangular
lattice presents the broadest complete band gaps for all inclusions and the hollow circular inclusion band gap is
broader than the others. Furthermore, the square and Kagomé lattices have more complete band gaps than other
lattices.
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Figure 3 — Elastic band structures of XY (red) and Z (blue) modes of the magnetoelectroelastic phononic crystal for rectangular
lattice, considering (a) circular, (b) hollow circular, (c) square and (d) rotated square inclusions.
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Figure 4 — Elastic band structures of XY (red) and Z (blue) modes of the magnetoelectroelastic phononic crystal for triangular
lattice, considering (a) circular, (b) hollow circular, (c¢) square and (d) rotated square inclusions.
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Figure 5 — Elastic band structures of XY (red) and Z (blue) modes of the magnetoelectroelastic phononic crystal for honeycomb
lattice, considering (a) circular, (b) hollow circular, (c) square and (d) rotated square inclusions.
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Figure 6 — Elastic band structures of XY (red) and Z (blue) modes of the magnetoelectroelastic phononic crystal for Kagomé
lattice, considering (a) circular, (b) hollow circular, (c) square and (d) rotated square inclusions.
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4. CONCLUSION

We obtain broad complete band gaps between XY and Z modes, where the elastic wave propagation is forbidden,
for a MPC. The elastic band structure is investigated for BaTiO3-CoFe;Q4 inclusions embedded in an polymeric
matrix for a fixed filling fraction, 0.45.

The broadest complete band gap for square lattice is found to the rotated square inclusion with 16.15 kHz of
bandwidth. This inclusion geometry is also the best one for rectangular lattice. The broadest band gap for triangular
and Kagomé lattices is observed for hollow circular inclusion with a complete band gap width of 20.55 kHz and
11.97 kHz, respectively. The best performance for honeycomb lattice is found for circular inclusion with 13.320 Hz
of band gap width. The triangular lattice presents broader complete band gaps than other lattices for all inclusions
and the square and Kagomé lattices have more complete band gaps.

In a general way, the best performance observed for the MPC studied is found for hollow inclusions in a triangular
lattice. Finally, we consider square, rectangular, triangular, honeycomb and Kagomé arrays of BaTiO3-CoFe,04
perfectly embedded in an elastic background. This means that we neglect the effects due to decohesion of the
BaTiO3-CoFe,04BaTiO3-CoFe;O4 from the polymer matrix and to roughness at the interface between the in-
clusions and matrix. These defects can modify the elastic wave propagation in composite materials, altering the
band structure of them. The complete elastic band gaps in a MPC enlarge the potential applications for vibration
management with smart structures.
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Abstract

In this study, we investigate theoretically the band structure of elastic waves propagating in an elastic
metamaterial (EM) beam and its forced response. The influence of periodic arrays of single degree of
freedom (SDOF) and multiple degrees of freedom (MDOF) force-only resonators attached in the unit cell
of the EM beam was studied. The study is performed by using seven approaches, the transfer-matrix (TM)
method, the finite element (FE) method, the spectral element (SE) method, the wave finite element (WFE)
method, the wave spectral element (WSE) method, the plane wave expansion (PWE) method and the
extended plane wave expansion (EPWE) method. Taking into account five arrays of SDOF force-only
resonators, it is observed the coupling between locally resonant (LR) and Bragg-type gaps at frequencies
around the first Bragg frequency. Furthermore, the configuration of multiple arrays of MDOF attached
force-only resonators enlarges the application potentials of EMs for vibration management.

1 Introduction

In recent years, artificial periodic composite materials known as phononic crystals (PCs), consisting of a
periodic array of scatterers embedded in a host medium, have been quite studied [1-8]. They have been
investigated because PCs exhibit complete band gaps within which mechanical (elastic or acoustic) wave
propagation is forbidden. The physical origins of phononic band gaps can be understood at micro-scale
using the classical wave theory to describe the Bragg and Mie resonance based scattering of mechanical
waves propagating within the crystal [9]. Most of the studies concerning PCs focused on investigation of
bulk mechanical waves [1-2,7-9], i.e. mechanical wave propagation in solids, such as inhomogeneous
isotropic elastic medium.

The band gaps created by the Bragg scattering mechanism, also called Bragg reflection mechanism, are
known as Bragg-type gaps, whose frequency location is governed by the Bragg condition a = n''(1/2),
(n'" = 1,2,3,...), where a is the lattice constant of the periodic system and A is the wavelength of waves in
the host material. The Bragg condition implies that it is difficult to achieve a low frequency Bragg-type
gap in PCs with small size.

Recently, in contrast, Liu et al. [10] proposed a type of locally resonant (LR) PC, also known as elastic
metamaterial (EM), containing an array of localized resonant structures. This resonance-type band gaps
were obtained in a frequency range two orders of magnitude lower than that given by the Bragg limit. LR
gaps arise in the vicinity of the natural frequency of the local resonators while Bragg-type gaps typically
occur at wavelengths of the order of the unit cell size.

PCs and EMs can be applied in many situations. One can consider engineering applications, such as
vibrationless environment for high-precision mechanical systems, acoustic barriers, noise suppression
devices, design of transducers and other devices. There are various types of elastic structures being
investigated containing an array of local resonators, such as rods [11], beams [12—17] and plates [18].

2099
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The main purpose of this paper is to investigate the band structure of elastic waves propagating in an EM
beam and its forced response, considering periodic arrays of single degree of freedom (SDOF) and
multiple degrees of freedom (MDOF) force-only resonators. Another important purpose is to compare the
elastic band structure obtained by the plane wave expansion (PWE), extended plane wave expansion
(EPWE), wave finite element (WFE) and wave spectral element (WSE) methods, and the forced response
obtained by the transfer-matrix (TM), finite element (FE), spectral element (SE), WFE and WSE methods.

2 Model and Methods

Figure 1 sketches an EM beam with multiple periodic arrays of attached local force-only resonators
considering MDOF. In Fig. 1, there are N MDOF force-only resonators attached in each unit cell with a
lattice constant of a. Each resonator has a spring constant kj(i) and a mass m]@ into the unit cell, where
j=123,...,N is the index related to the jth resonator and i = 1,2,3,..., N’ is the index related to the
DOFs of the jth resonator.

<

» X,

v

Figure 1: EM beam with multiple arrays of attached MDOF force-only resonators.

Here we expanded the analysis of Xiao et al. [11] for N MDOF force-only resonators. The equation of
motion of the jth resonator can be written as:

(1) (0) (0) (0)
k; K; m; 0 Uu; F.
<[k} k-lr - wz[ 6 D{JJ }:{IJ: } or (= M)y = v
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where D; = K; — a)ZMj, the indexes [ and r represent left and right sides of the jth resonator, m}o), u]@
and };(0) are the mass, the displacement and the force, respectively, at the attachment point between the jth

resonator and the beam unit cell. The stiffness and the mass matrices and the vectors of displacements and
forces are:
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By considering that there are no external forces acting on the masses of the jth resonator so that Ffr =0
and the resonator displacement vector u; can be condensed. Therefore, Eq. (1) can be rewritten as

Fj(o) = D].(O)u]@, where Dj(o) is the dynamic stiffness of the jth resonator at the attachment point, which
can be expressed as:

D]'(O) - (kj(l) N wzmlg())) B kjlr (kjrr B wzmjrr) Kj (3)

2.1 SE and FE methods

The global dynamic stiffness matrix for a finite Euler-Bernoulli (EB) beam is given by Dpegmre =
Kpeamfe — @*Mpeamse, Where Kpeamre and Mpegmre are obtained from FE EB beam model. In this
investigation, we calculated the dynamic stiffness matrix from using two methods, that is, one analytical,

SE method and the other numerical, FE method. The dynamic stiffness matrix of the EB beam element
modeled by SE method [19] is:

k11 k12 k13 k14-

e _ ﬂ ko1 koy kaz ky &)

beamse L3, |k31 ksz kzz ksl

ka1 kaz kaz kag
where
(KLge)? .

ki, = = (211222 — iZ12221),

(KLse)L . (KLse)® .

iz = % 1+ l)(Z122 - Z112)'k13 = = (iz12273 — 211221),
(KLgp)?Lge KL%, KL3 _
k4 = = = (I —1)z11212,kyp = —= (iz11222 — Z12221), Kaa = l(zuzzz — iZ11221),

A A A

kij = kji' ks = —kia, k33 = ki1, k34 = —k12, kag = ky»,

Zyq = (1 _ e—LKLseeKLse)’le = e iKLse — gKlse 7, = g=iKLse  gKlse 7. = (1 + e—lKLSEeKLse)’

1
_zh tzh s (‘UZPS>Z

=TT El )
where K is the Bloch wave vector, also known as wavenumber, E is the Young’s modulus, p is the
density, I is the second moment of area, Lg, is the length of the spectral element, i = v—1 and S is the
cross-sectional area of the beam. If the geometry of the beam is uniform, the global dynamic stiffness
matrix of the EB beam element modeled by SE method is Dyeamse = Dfeamse- HOwever, we discretized
each unit cell in j + 1 spectral elements, because we need j nodes in each unit cell for the j resonators.
Thus, the global dynamic stiffness matrix can be obtained by the assembly of the dynamic stiffness
matrices of the EB beam elements modeled by SE method.

The dynamic stiffness matrix can also be obtained by the FE method, D,e)eamfe = Kf)eamfe -
W*Mj o se» Where [19]:



109

2102 PROCEEDINGS OF ISMA2016 INCLUDING USD2016
(12 6Ly, —12  6Lg
2 2
. _ EIl6le 4Lf, —6lr 2L,
beamfe =3 |-12 —6lre 12 —6Lg|
6L 2L7, —6Lg. 4L7,
156  22L;, 54  —13Lg,
e pSLse| 22Lpe  4L7, 13L;, 3L, .
beamfe ™ 420 | 54  13L;, 156 = —22Lg|’ ©)
—13L, —3L7, —22Lg,  4L%,

where Lg, is the length of the finite element. The global dynamic stiffness matrix is given by Dpegmse =
Kpeamse — wZMbeamfe, where Kpeamse and Mpegmre are the global stiffness and the global mass
matrices, respectively. They are obtained by the assembly of the stiffness and mass matrixes of the EB
beam elements modeled by FE method. It is important to highlight that the dynamic stiffness of the all jth
resonators, should be coupled in the correct DOFs of the Dyeqmre and Dpeqmse- The total number of the
resonators along the beam is n’'N, where n' is the number of unit cells.

2.2 WSE and WFE methods

Considering a finite EB beam divided into a finite number of unit cells (the unit cells are meshed with an
equal number of nodes on their left- and right-hand edges), see Fig. 1, one can obtain a dynamic stiffness

of the unit cell, D;;,0btained from the FE, D, fe» Or SE, D_.15e, model. The D,;; can be portioned and
the dynamic equation of motion can be written as:

D; D; Dy]w 0
D; Dy Dy {“l} = {Fl}; (7
D, D, D, |\Ur F,

ri rl rr

where i represents the interior DOFs of the unit cell, [ and r represent the left and right boundaries of the
unit cell, respectively. The interior DOFs can be eliminated using the first row of Eq. (7) [20], which
results in:

u; = D;;'(Dyu; + Dpuy). (8)
Inserting Eq. (8) into Eq. (7) leads to:

Dy Dy)gun _(F) . ~
[Drl D, {ur} - {Fr} “ DeenUcenr = Feenr, )

where Dy = Dy — D;D;'Dy, D,y = Dy — D,yD;'Dyy, Dy = Dy — D;yD5' Dy, Dy = Dy —
DriDi_ilDir-

Equation (9), which relates the forces and the displacements on the two sides of the unit cell, is the starting
point for the WFE [20] and WSE analysis. Note that D..;; can be obtained by FE method, D ¢fe, Or by
SE method, D .5 Thus, this is the difference between the WFE and WSE methods. Similar as section
2.1, it is important to highlight that the dynamic stiffness of the all jth resonators, N, on the unit cell
should be coupled in the correct DOFs of the ﬁce”fe and D,;se. Here, it is not possible to couple in the
correct DOFS of the D¢gjire and Deyyse, i.e. after the condensation, because the resonators are not on the
left and/or right side of the unit cell as usual. Thus, the coupling is done before the condensation.

One can reformulate Eq. (9) in terms of state vectors as:
U, —DfrlD” —])l—r1 ] u,
_ = - _ - — T , (10)
{ Fr} [Drl _ DerlrlDll _Derlrl {Fl} q- q;
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where T is a symplectic [21] matrix and it is known as transfer matrix, q, is the right state vector and q; is
the left state vector. The continuity of displacements and equilibrium forces at the boundary between cells
m and m + 1, yields,

I A (11)
Substituting Eq. (11) in Eq. (10), one can write:

q"* = g™, (12)
Invoking Floquet-Bloch’s theorem [22-23], say:

q" Y =etq™, (13)
where u = —iKa is the attenuation constant. Substituting Eq. (13) in Eq. (12) leads to:
Tq, =etq,. (14)

As pointed out by Zhong and Williams [21], direct calculation of the eigenvalue problem in Eq. (14) can
lead to numerical ill-conditioning. According to Mencik [24], this ill-conditioning can be explained by the
Bauer-Fike theorem [25], which says that the problem is that the eigenvector of T can be ill-conditioned.
This can be explained as it is partitioned into displacement and force components, thus the values can be
largely disparate. To solve this issue, Zhong and Williams [21] proposed a homogeneous generalized
eigenvalue problem of the following form:

ITl 0 ] u;
= = Lw,
© [—Du =Dy, {“r} €

0 I u; . _
a-=|p, p|{u}ar=nw (15)

rr
where I,, is the n-dimensional unit matrix (identity matrix) and from Eq. (10), one can note that T = NL™1.
Rewriting Eq. (14):
Tq, =e*q; ~ q- =e*q; -~ e*Lw = Nw. (16)
The solutions of Eq. (16) are denoted as {(e Hj, wj)}j, where {e #i} j are the eigenvalues and {wj}j are the
eigenvectors associated with a given mode j. One can notice that each eigenvector of (14) can be obtained
by q; ;= Lw;. It can also be shown that {(e_“f, (JLw) j)}j are also eigenvalues of Eq. (16) and left

eigenvectors, respectively, because one can rewrite Eq. (16) as e “NT(JLw) = LT(JLw) . (JLw)T(N —
e*L) = 0 [21].

Therefore, the 2n eigenvalues of the Eq. (16), when ordered appropriately, can be subdivided into two
groups. The first corresponds to the waves travelling to the right, e*/ j = 1,2, ..., n with |e*/| < 1 and the
second corresponds to the waves travelling to the left, e ™/ j = 1,2,...,n with |e”#/| > 1. Note that to
consider these hypotheses the substructure needs to be damped. If the substructure does not have damping,
EEY

For the eigenvalues {e*/}; and {e "#/}; one can obtain the associated eigenvectors {ql j}_ and {qf}.} S
j j

u;
respectively. Each eigenvector can be split into displacement and force components as q; i = {Flj} and
J

u; .

q’{j = {F*] } An important relation between the components of each eigenvector is u’{j = Ru,; i and
Lj

Fl*]. = —RF, j [24], where R is the diagonal symmetry transformation matrix. Tracking the frequency

evolution of each wave mode is a crucial step of the WFE and WSE methods, for more details see Mencik

[24].

To predict the harmonic response of a structure composed of n’ unit cells, one can write:



111

2104 PROCEEDINGS OF ISMA2016 INCLUDING USD2016

n n
1 1 * —n'u; *(n’)
0" =) a0 + > ai ey,
=1 =1

n n
’ (1 . w(n!
g = Zqzje Qi +Zqsz,~(" ), (17)
= =

!
where qgl) is the state vector of the first node of the structure, q£n ) is the state vector of the last node of

the structure and Q is the vector form of the modal amplitude. Equation (17) and the calculation of the
modal amplitudes are discussed in [24].

2.3 TM method

The TM method is not new and it has it has its predecessors in the tabular methods which were
successfully applied at a time when no automatic computer operated [26]. This method has been
extensively used to solve periodic structures dynamics problems [12-13]. In this study, we do not apply the
Floquet-Bloch’s theorem [22-23] in TM method to obtain the band structure as other studies [12-13].

The transfer matrix relates the state vector of displacements and forces at a node with forces and
displacement at a neighboring node, as represented by Eq. (12). Furthermore, the assembling to obtain the
global matrix is done by propagating the transfer matrixes from the first unit cell to the last, n'th, unit cell.
Thus, one can write:

T, = T . TOTW = 77, (18)

where T®), k = 1,2, ...n’, is the transfer matrix of the kth unit cell of the structure, T = T = ... = T®)
and T; is the global transfer matrix of the structure. The T®) matrix has internal elements as expressed in
Eq. (10) and they can be obtained by D ey e OF Deeyyse. In this study, we calculated T from D gyyge. One
can note that D_.;s. already has the information of the resonators because, as explained before, the
dynamic stiffness of the all jth resonators, N, attached in the unit cell should be coupled in the correct
DOFs of the D ;5.

Note that the global transfer matrix relates:

q") = T,q™. (19)

Applying the boundary conditions, in this paper free-free beam, and considering no force and no moment
applied in the right side of the beam, i.e. Fr(n ) = 0, Eq. (19) can be written as:

-1 -1 ®

—Tg erGll Te r|) A _g(1

TEUT 0 || on{=F (20)
G rr Gri q,

where Tg ;. Tg,,.» Tg,,» Tg,, are submatrices of T and Fl(l) is the vector of force and moment of the first
node of the structure. One problem related to the TM method is the numerical difficulties [26].

24 PWE and EPWE methods

The PWE and EPWE methods, also known as w(k) and k(w), are analytical methods to predict the band
structure. The advantage of using the EPWE method is because the evanescent modes are obtained
naturally and these modes are not ignored as well as by the PWE method. Hsue et al. [27] proved that the
evanescent modes obtained by EPWE obey the Floquet-Bloch’s theorem [22-23].

These methods applied to EM EB beam, considering N SDOF force-only resonators attached in each unit
cell, was developed by Xiao et al. [14]. For details of the mathematical formulation, see Xiao et al. [14].
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We expanded the analysis of Xiao et al. [14] considering N MDOF force-only resonators attached in each
unit cell.

3 Results and Discussion
3.1 Multiple arrays of SDOF force-only resonators

The aluminum beam parameters and material properties are summarized in Table 1.

Geometry/Property Value
Unit cell length (a) 0.1m
Beam length (for WSE, WFE, FE, SE and TM 0.5m
methods) (L)
Beam length (PWE and EPWE methods) (L) o
Number of unit cells (for WSE, WFE, FE, SE and 5
TM methods) (n")
Cross section area (S) 4x 10" m?
Young’s modulus (E) 7 x 10" Pa
Mass density (p) 2700 kg/m’
Loss factor of the beam (1) 0.01
Poisson’s ratio (v) 0.33
Second moment of area (I) 1.3333x 10" m*

Table 1: Beam geometric parameters and material properties.
We consider an EM beam with five arrays of SDOF force-only resonators in the unit cell. The parameters
of the resonators are: {17](.1)} = {0.05,0.05, ...,0.05}, {xj(l)} =ax{1,2,..,5}/6m,

{yj(l)}z0.5x{1.4,1.2,1,0.8,0.6}/5, m® =yVpaa, {fj(l)}z{160,180,200,475,500}Hz and

j
2
kj(l) = m}l) (wj(l)) , j=1,2..,5, where 7151) is the loss factor of the jth resonator, xj(l) is the position

of the jth resonator, yj(l) is the jth resonator mass ratio to the mass of the beam in each unit cell, the sum of
€Y

all Y is equal to 0.5 and fj(l) is the resonance frequency of the jth resonator.
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Figure 2: Displacement (a) and rotation (b) of the left side of the EM beam in frequency domain,
displacement (c) and rotation (d) of the right side of the EM beam in frequency domain and the ill-
conditioning (e) of the matrixes of the Eq. (19) and Eq. (20), called of matrix 1 and matrix 2, respectively.

The forced response of the EM beam was analyzed considering a free-free boundary condition and an
excitation force as a cosine-shaped pulse only on the left side of the beam. Figure 2 (a-d) presents the
displacement and the rotation of the left side and right side of beam in frequency domain. The ill-
conditioning of TM method [26] can be observed in Fig. 2 (e) after 1345 Hz.

The ill-conditioning of the matrices in Eq. (19) and Eq. (20) increases with frequency. This ill-
conditioning exists for the beam case mainly because of the evanescence waves and considering free-free
boundary condition. Thus, we do not present the results of the TM method for the right side of the beam
and for the rest of the results. One can observe from Fig. 2 (a-d) that WFE and FE do not converge with
WSE and SE for higher frequencies. The convergence can be achieved increasing the number of finite
elements of the unit cell.

In this investigation, we considered six finite and spectral elements per each unit cell, i.e. seven nodes per
unit cell. Thus, the five arrays of SDOF force-only resonators are attached into the internal five nodes of
the unit cell.

The displacement (a-c) and rotation (b-d) of the left side and right side of the beam in frequency domain
are also illustrated in Figure (3) in a small range of frequency to see the LR band gaps and the Bragg-type
band gap. The first Bragg frequency can be calculated using the Bragg condition a = n''(1/2) or Kzga =

n''m, withn’’ = 1 and for EB beam theory Kz = /2nf\/pA/EI:

= Ly E1~46177H 21
fBl_E(E) o5 = 46177 Hz (21)
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Figure 3: Displacement (a) and rotation (b) of the left side of the EM beam in frequency domain and
displacement (c) and rotation (d) of the right side of the EM beam in frequency domain.

Figure (3) illustrates that WFE and WSE do not converge exactly with FE and SE on the resonant
frequencies. Furthermore, the LR gaps and the Bragg-type gap are also observed. They can be better
analyzed in the transmittance graphic and the attenuation performance is better analyzed in the elastic
band structure of the beam.

Figure (4) and Fig. (5) show the displacement receptance and the rotation receptance of the beam, and the
displacement transmittance and the rotation transmittance of the beam, respectively.
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Figure 4: Displacement (a) and rotation (b) receptance of the left side of the EM beam and displacement
(c) and rotation (d) receptance of the right side of the EM beam.
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Figure 5: Displacement (a) transmittance and rotation (b) transmittance of the EM beam.

From Fig. 5 (a-b) it is possible to see the LR gaps on the resonant frequencies of {160, 180,200} Hz and it
is also possible to see the coupling between the LR gaps on the resonant frequencies of {475,500} and the
Bragg-type gap, 461.77 Hz. The coupling between LR gaps and Bragg-type gap happens because the
existence of resonators tuned near to the first Bragg frequency.

The coupling between the Bragg scattering mechanism and the LR mechanism is benefited by widening
the gap [28]. The mathematics related to the band gap coupling can be found in Xiao et al. [29].

Figure 6 illustrates the elastic band structure using the WFE, WSE, PWE and EPWE. Figure 6 (a) shows
the real part of the reduced Bloch wave vectors, Ka/m, using WFE, WSE and PWE methods and Figure 6
(b) shows the imaginary part of the reduced Bloch wave vectors using WFE, WSE and EPWE methods.

It is important to highlight that only the smaller imaginary part of the Bloch wave vectors, whose real part
— Re[K(w)] — lies inside the first Brillouin zone [30], i.e. [-7/a,m/a], was considered using the EPWE
method because it is the most accurate [31-33]. In addition, in PWE and EPWE calculations, we
considered three plane waves in the Fourier series expansion and only the first eight bands are considered
to plot the elastic band structure. In Figure 6, we only show the irreducible Brillouin zone (IBZ), [0, /a].
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Figure 6: Elastic band structure of the EM beam with five arrays of SDOF force-only resonators. The real
part of Bloch wave vectors (a) and the imaginary part of the Bloch wave vectors calculated (b).

From Fig. 6 (a-b) it is possible to see the LR gaps on the resonant frequencies of {160,180,200} Hz and
the coupling between the LR gaps on the resonant frequencies of {475,500} and the Bragg-type gap,
461.77 Hz, as discussed before. It is also possible to obtain the real part of the Bloch wave vector from the
EPWE method as illustrated in Figure 7.
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Figure 7: Elastic band structure of the EM beam with five arrays of SDOF force-only resonators. The real
part of the Bloch wave vectors calculated.

From Figure 7, one can observe that the real part of the Bloch wave vectors estimated by the EPWE
method increases with frequency even after the first Bragg frequency, thus one can compare WFE, WSE,
PWE and EPWE methods in Figure 7 until the first Bragg frequency. In addition, the EPWE method is
almost always used to estimate the imaginary part of the Bloch wave vectors.

3.2  Multiples arrays of MDOF force-only resonators

For multiple arrays of MDOF force-only resonators, we consider in each unit cell five arrays of 2DOF

force-only resonators. The parameters of the resonators are: {77;1)} = {1;](.2)} = {0.05,0.05, ...,0.05},

{x].“)} - {x].(z)} =ax{1,2,..,5}/6m, {yj“)} =0.5x{1.4,1.2,1,0.8,0.6}/5,

{yj@)} =0.5x{1,1,1,1,1}/5.m® = yPpda, m® =y pAa, {f;})} = {160,275, 475,500,600} Hz,

@) _ W_ @ 0 ,@_ @ @V ._
{faj }_{70,135,185,200,320}Hz, kY = m| (waj) k) = m (a)aj) ,j=1,2..,5, where

nj(-i) is the loss factor of the jth resonator associated with the ith DOF, xj(i) is the position of the jth
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)

resonator associated with the ith DOF, yj(i is the jth resonator mass ratio to the mass of the beam in each

unit cell associated with the ith DOF, the sum of all yj(i) is equal to 0.5 and f(f]l:) are the frequencies used to

calculate the resonator spring constant kj(l) associated with the ith DOF. Note that to calculate the resonant
frequencies of a 2DOF force-only resonator, one can write:

W@ 4 @) 1) 4 52) 2)
w: =
! 2m®Mm?
T
2
J (kPm® + kPm® + kPm®)" — 4k PP mOm?
— Jo Jo j T Jo T
+ ) (22)
2mDm@
7

2

where the resonant frequencies in Hz of the 2DOF jth resonator are fj(l'z) = (wj(l’z)) /2m. Applying
Eq. (22), the resonant frequencies of the five arrays of 2DOF force-only resonators are approximately
{fj“'z)} = {64.9,120.9,170.8,172.7,180.4, 254.9,307.5, 515, 554.8, 754.2} Hz.

Figure (8) shows the displacement transmittance and the rotation transmittance of the EM beam,
respectively.
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Figure 8: Displacement (a) transmittance and rotation (b) transmittance of the EM beam.

From Fig. 8, one can see the expected LR gaps, the first coupled gap formed by the coupling between
three LR gaps, i.e. {170.8,172.7,180.4} Hz, the Bragg-type gap and the second coupled gap formed by
the coupling between two LR gaps, i.e. {515,554.8} Hz.

Figure 9 (a) shows the real part of the reduced Bloch wave vectors using WFE, WSE and PWE methods
and Figure 9 (b) shows the imaginary part of the reduced Bloch wave vectors using WFE, WSE and
EPWE methods. From Fig. 9 it is possible to see the same behavior as discussed in Fig. 8.
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Figure 9: Elastic band structure of the EM beam with five arrays of 2DOF force-only resonators. The real
part of Bloch wave vectors (a) and the imaginary part of the Bloch wave vectors calculated (b).

4 Conclusions

We have obtained the elastic band structure and the forced response for an EM EB beam with periodic
five arrays of SDOF and MDOF LR force-only resonators. We used the WFE, FE, WSE, SE, TM, PWE
and EPWE methods, however, the TM method diverges for higher frequencies because of the evanescence
waves and the free-free boundary condition.

The EM beam with five arrays of SDOF force-only resonators presented a wide gap created by the
coupling between the LR gaps and the Bragg-type gap. For the EM beam with five arrays of 2DOF force-
only resonators, we create two wide gaps from the coupling between LR gaps.

The possibility of the coupling between LR gaps and Bragg-type gap with SDOF and MDOF force-only
resonators enlarges the potential applications for vibration control.
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ABSTRACT

During the last few decades many researches have been interested in the field of wave propagation in periodic
composite systems known as phononic crystals. Recently, a new type of phononic crystal was proposed, namely
locally resonant phononic crystal, also known as elastic metamaterial. The main difference between phononic
crystals and elastic metamaterials is that the latter present locally resonant band gaps arising in the vicinity of local
resonators natural frequencies while Bragg-type band gaps typically occur at wavelengths of the order of the unit
cell size. We investigate theoretically the band structure of flexural waves propagating in an elastic metamaterial
thin plate. The classical theory of thin plate, Kirchhoff-Love theory, is considered. We study the influence of
periodic arrays of multiple degrees of freedom local resonators in square and triangular lattices. The plane wave
expansion and the extended plane wave expansion methods, also known as (k) and k(), respectively, are used
to solve the governing equation of motion for a thin plate. The locally resonant band gaps for square and triangular
lattices present almost the same attenuation for all examples analysed. However, the square lattice presents broader
Bragg-type band gaps with higher attenuation than triangular lattice. An elastic metamaterial plate with attached
double periodic arrays of S-DOF resonators and with attached single periodic array of 2-DOF resonator tuned
at the same frequencies, 102 hz and 283 Hz, presents different attenuation performance for locally resonant and
Bragg-type band gaps. We find the coupling between locally resonant band gaps for resonators tuned at 70 Hz
and 102 Hz. The application of a multi-resonator elastic metamaterial thin plate enlarges its potential for vibration
control.

KEYWORDS: elastic metamaterial thin plate, flexural wave band gaps, multiple degrees of freedom, vibration
control.

1. INTRODUCTION

Over the last decades, artificial composites known as phononic crystals (PCs), consisting of a periodic array of
scatterers (inclusions) embedded in a host medium (matrix), have been quite studied [1, 2, 3, 4, 5, 6, 7, 8, 9]. They
have received renewed attention because they exhibit band gaps where the mechanical (elastic or acoustic) wave
propagation is forbidden. The physical origin of phononic and photonic band gaps can be understood at micro-scale
using the classical wave theory to describe the Bragg and Mie resonances, respectively, based on the scattering of
mechanical and electromagnetic waves propagating within the crystal [10].

In PC investigation, the band gap formation is based on the Bragg scattering mechanism, whose frequency location
is governed by the Bragg law a = n(4/2),(n = 1,2,...) where a is the lattice parameter of periodic system, and
A is the wavelength in host material. Bragg law implies that it is difficult to achieve a low-frequency Bragg-type
band gap for small size PCs. Difficulties to create PCs with low frequency band gaps for small sizes instigated
researchers to explore others dissipative mechanisms together with periodicity effect. In 2000, Liu and co-workers
[11] proposed a locally resonant PC, also known as elastic metamaterial (EM), containing an array of localized
resonant structures. This resonance-type band gaps were obtained in a frequency range two orders of magnitude
lower than that given by the Bragg limit. Locally resonant band gaps arise on the vicinity of local resonator natural
frequency while Bragg-type band gaps typically occur at wavelengths of the order of unit cell size.
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EM have been proposed as acoustic barriers [12, 13], vibration isolators [14] and noise suppression devices [15,
16] with emphasis on low frequency applications. There are various types of elastic structures being investigated
containing an array of local resonators, such as rods [17, 18, 19], beams [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,
31, 32], plates [33, 34, 35, 36, 37, 38, 39] and shells [40]. These local resonators can be modelled by spring-mass
resonators of S-DOF [17, 20, 21, 23, 24, 25, 28, 29, 33, 34, 35, 36, 38, 40] or M-DOF [18, 19, 22, 26, 27, 30, 31,
32,37, 41, 42].

The main purpose of this paper is to investigate the elastic band structure, also known as dispersion diagram,
of flexural waves propagating in an EM thin plate with multiple periodic arrays of attached multiple degrees of
freedom (M-DOF) resonators, considering square and triangular lattices. Kirchhoff-Love plate theory [43, 44] is
applied for thin plate modelling. The plane wave expansion (PWE) [1, 2] and extended plane wave expansion
(EPWE) [45, 46, 47, 48, 49, 50, 51] methods, also known as w(k) and k(w), respectively, are used to predict the
complex band structure of the EM thin plate.

1.1. Elastic Metamaterial Thin Plate Modelling
PWE and EPWE are semi-analytical methods used to predict the band structure of PCs and EMs. The advantage

of using the EPWE method is because the evanescent modes are obtained naturally and these modes are not
ignored as well as the PWE method. In contrast to the PWE method, which assumes that k is real (k is the Bloch
wave vector, also known as wavenumber, and & = ||k||), EPWE method is not restricted from the start to the first
Brillouin [52] zone [48]. Hsue and co-workers [47] proved that the evanescent modes obtained by EPWE obey the
Floquet-Bloch’s theorem [53, 54]. Xiao and co-workers [35] developed the PWE and EPWE formulations applied
to EM thin plate with multiple periodic arrays of attached S-DOF local resonators. We expanded the formulation
of Xiao et al. [35] for an EM thin plate with multiple periodic arrays of attached M-DOF resonators. However, this
formulation will be published by the authors in due course. For details of PWE and EPWE formulations applied to
an EM thin plate with S-DOF resonators, see Xiao et al. [35].

Figure 1 shows an infinite plate with multiple periodic arrays of attached S-DOF spring-mass local resonators for
square (a) and triangular (b) lattices, and its irreducible Brillouin zone (in shaded region) (c), (d), respectively.
The IBZ points in Figure 1 (¢-d) are T (0,0), X (7/a,0) and M (7/a,n/a) for square lattice and " (0,0), X
(47 /3a,0) and M (rt/a,/+/3a) for triangular lattice. Triangular lattice is a type of hexagonal lattice. There are
three variations of hexagonal lattice: triangular, honeycomb (or graphite) and Kagomé lattices [57].

In order to deal with an EM thin plate, an appropriate conditions for the validity of thin plate theory can be assumed
h<A/6[55]orkh < 1, h/a < 1[56], where A =27 /k and h is the plate thickness.

1.2. Simulated Examples
To verify the PWE and EPWE methods formulated with Kirchhoff-Love plate theory and to demonstrate its capac-

ity of calculating the complex band structure of an infinity EM thin plate with attached periodic array of M-DOF
local resonators, simulated examples are performed in this section. It is important to highlight that we apply a
criterion for tracking the frequency evolution of wave modes when EPWE method is used. We choose the model
assurance criterion (MAC) for estimating the correlation among wave shapes. This criterion is based on the hermi-
tian scalar product and it is useful for very low frequencies [58]. For all PWE and EPWE calculations from now
on, 81 plane waves are used in the Fourier series expansion. This resulted in a good convergence.

The EM plate geometry and material properties are shown in Table 1. They are chosen to be the same as used by
Xiao et al. [35] for the simplest case (EM thin plate with attached single periodic array of S-DOF local resonator),
in order to facilitate comparisons. The local resonators are localized on the middle of unit cell for all simulated

Table 1 — Metamaterial plate geometry and material properties.

Geometry/Property Value
Lattice parameter (a) 0.1m

Unit cell area for square lattice (S = a?) 0.01 m?
Unit cell area for triangular lattice (S = a*v/3/2)  0.0087 m?
Thickness (h) 0.002 m
Young’s modulus (E) 70 x 10° Pa
Mass density (p) 2700 kg/m3
Structural damping (1) 0.01
Poisson’s ratio (V) 0.3

examples. The influence of resonator position will be discussed in a further publication. Each resonator has stiffness
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(@ (b)

(©) )

Figure 1 — Infinite elastic metamaterial plate with multiple periodic arrays of attached S-DOF resonators for (a) square and (b)
triangular lattices. The irreducible Brillouin zone (in shaded region) for (c) square and (d) triangular (d) lattices.

ky) and a mass m§i>, where j = 1,2,...,N is the index related to the j-th resonator and i = 1,2,...,N is the index

related to the i-th DOF in the j-th resonator.

1.2.1. Metamaterial plate with attached single periodic array of S-DOF resonator
The S-DOF local resonator has a natural frequency f]<1> = 300 Hz, mass mgl) = ylm pSa, where yl(l) =0.5 is the

ratio of resonator mass to the plate unit cell mass. The resonator stiffness is calculated by kil) = mil) (2m fl(l))z(l +

inl(l)), where 1(1) = 0.05 is the resonator damping, also known as loss factor.

Figure 2 (a-b) shows the real band structure of the EM thin plate for square (a) and triangular lattices (b) calculated
by PWE method. This band structure for square lattice agrees with the results of Xiao and co-workers [35]. We
plot the real band structure in the three principal symmetry directions of the IBZ. The plots are given in terms of
frequency in Hz versus the real part of the reduced Bloch wave vector defined as ka/27. One complete band gap is
found around the resonant frequency of 300 Hz for both lattices. This band gap is known as locally resonant band
gap.

The Bragg-type gap is predicted by Bragg’s law along different directions, a = n(A /2 cos ¢), with n € Z. For a thin
plate, the first Bragg frequency, n = 1, is given by:

1 /D 1 m > |Ip |
T T om (acosq)) ph _Zﬂ{acos[arctan(kz/kl)]} ph’ M

where k| and k, are the Bloch wave vector components on the x and y directions, respectively, and D = E J5 J12(1—
v?2) is the plate bending stiffness.

The first Bragg frequency for square lattice, along I'X direction (¢ = 0°), calculated by Eq. (1) is 484 Hz and it
can be observed in Fig. 2 (a). This Bragg-type band gap creates a directional band gap along I'X direction. Along
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Figure 2 — Real band structure of EM thin plate for (a) square and (b) triangular lattices with fl(l) =300 Hz.

MT direction (¢ = 45°) in Fig. 2 (a), the first Bragg frequency is 968 Hz. However, along XM direction we have
a variation of ¢, thus fp, varies. For triangular lattice, the first Bragg frequency along MI" direction (¢ = 30°) is
645.4 Hz and a directional band gap is opened up, as illustrated in Fig. 2 (b).

Fig. 3 compares the real band structure of square and triangular lattices. We observe that the triangular lattice

presents a broader complete band gap than square lattice. The bandwidth for triangular lattice is 89.4 Hz while the
bandwidth for square lattice is 84.3 Hz.
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Figure 3 — Comparison of real band structures of EM thin plate for square (S) and triangular (T) lattices with fl(l) =300 Hz.

Figure 4 (a-b) illustrates the imaginary band structure for the square and for triangular lattices, respectively, calcu-

lated by EPWE method, considering fl(l) = 300 Hz. The attenuation is related to the imaginary part of the Bloch
wave vector by u =Im{k}a.

In Figure 4 (a-b), we consider only the smallest positive imaginary part of the reduced Bloch wave vector (lowest
component whose real part of the reduced Bloch wave vector lies inside and around the IBZ is the most accurate),
since it represents the least rapidly decaying wave (evanescent Bloch wave [49, 50, 51]) that carries energy the
farthest [35]. The imaginary band structure for the square lattice in Figure (a) agrees with Xiao and co-workers
[35] results. From Figure 4 (a-b), it can be seen the locally resonant and the Bragg-type band gaps for square and
triangular lattices in different directions. These results complement the real band structure for the square and for
triangular lattices illustrated in Figure 3 (a-b).

Figure 5 compares the attenuation performance of square and triangular lattices. The attenuation related to the
triangular lattice is little higher than square lattice. However, the attenuation of the Bragg-type band gap is higher
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Figure 4 — Imaginary elastic band structures of EM thin plate for (a) square and (b) triangular lattices with fl(l) =300 Hz.

for square lattice. The locally resonant band gap for triangular lattice do not vary with ¢, differently from square
lattice.
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Figure 5 — Comparison of imaginary band structures of EM thin plate for square (¢s) and triangular (¢7) lattices with fl(l) =300
Hz.

1.2.2. Metamaterial plate with attached multiple periodic arrays of S-DOF resonators

The S-DOF local resonators parameters are fjm = {283,102} Hz, }/;-U = {0.6,0.4}, my) = ygl)pSa, n}(l) =0.05
and k;l) = mgl) (27rf;1))2(1 + in;l)), where j = 1,2. The sum of all resonator mass ratio to the mass is equal to 0.5,
the same of EM plate with attached single periodic array of S-DOF resonator.

Figure 6 (a-b) shows the real band structure of the EM thin plate with attached double periodic arrays of S-DOF
resonators for square (a) and triangular (b) lattices. It can be seen the locally resonant band gaps on the natural
frequencies (283 Hz and 102 Hz). The resonator with natural frequency 283 Hz opened up the broadest complete
band gap for both lattices. The band gap related to the natural frequency 283 Hz is broader for square lattice than
triangular lattice, differently from EM plate with attached single periodic array of S-DOF resonator (see Figure 3).
Figure 7 (a-b) illustrates the imaginary band structure for the square (a) and for triangular (b) lattices, respectively,
considering f;l) = {283,102} Hz. It can be seen the attenuation performance of the two locally resonant and the
Bragg-type band gaps for square and triangular lattices in different directions. The highest attenuation is related to

the resonator with 283 Hz for both lattices.
Figure 8 compares the attenuation performance of square and triangular lattices. The square and triangular lattices
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Figure 6 — Real band structure of EM thin plate with attached double periodic arrays of S-DOF resonators for (a) square and
(b) triangular lattices with f}l) = {283,102} Hz.
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Figure 7 — Imaginary band structures of EM thin plate with attached double periodic arrays of S-DOF resonators for (a) square
and (b) triangular lattices with fj(.l) = {283,102} Hz.

present almost the same attenuation performance on the locally resonant band gaps and the attenuation related to

the Bragg-type band gap is higher for square lattice.

One can note that the locally resonant and Bragg-type band gaps of EM plate with attached single periodic array
of S-DOF resonator presents higher attenuation and are broader than the band gaps of EM plate with attached
multiple periodic arrays of S-DOF resonators.

1.2.3. Metamaterial plate with attached single periodic array of M-DOF resonator
We consider an EM plate with attached single periodic array of 2-DOF resonator. The 2-DOF resonator parameters

are ¥ = {0.5,0.5}, m\! = 41 psa, KV = m{" (27 x 1602 (1 + in{"), &2 = mP (27 x 180)2(1 + in'?) and
77](’) ={0.05,0.05}, where i = 1,2. The resonator frequencies are calculated by:

(i)?

(k(11>m52) + k§2)m(11) + k(12>m§2)) F \/(k?)mgz) + k§2)m(11) + k(lz)mgz))z - 4k§1)k§2>m(11)m§2)

; 2)

2m

)

1 m

(2)
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Figure 8 — Comparison of imaginary elastic band structures of EM thin plate with attached double periodic arrays of S-DOF

resonators for square (¢s) and triangular (¢r) lattices with fjm = {283,102} Hz.

where a)l(i) =27 fl(i) , which results fl(i) = {102,283} Hz. We choose the same natural frequencies of the EM plate
with attached double periodic arrays of S-DOF resonators in order to compare.

Figure 9 (a-b) shows the real band structure of the EM thin plate with attached single periodic array of 2-DOF

resonator for square (a) and triangular (b) lattices. The locally resonant band gap related to fl(z) =283 Hz is
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Figure 9 — Real band structure of EM thin plate with attached single periodic array of 2-DOF resonator for (a) square and (b)
triangular lattices with fl(l) = {102,283} Hz.

broader than the band gap related to fl(l) = 102 Hz. Besides, the locally resonant band gap related to fl(z) =283
Hz is broader for triangular lattice than square lattice, differently from the behaviour in Figure 6.

Figure 10 (a-b) illustrates the imaginary band structure for the square and for triangular lattices, respectively.
One can see that the higher attenuation is associated with the first natural frequency, 102 Hz, differently from the
behaviour illustrated in Figure 7.

Figure 11 compares the attenuation performance of square and triangular lattices. The square and triangular lattices
present almost the same attenuation performance on the locally resonant band gaps.

Figure 12 shows the imaginary band structure of an EM thin plate comparing two cases analysed: (I) with attached
double periodic arrays of 1- DOF resonators (¢ ;por) and (II) W1th attached single periodic array of 2-DOF resonator
(¢2p0F). Both cases consider f N = {283,102} Hz and fl = {102,283} Hz. We can observe that the case (II)
presents the highest attenuatlon on 102 Hz for both lattices. The case (I) presents higher attenuation than case (II)
on 283 Hz, however, this attenuation is still lower than the attenuation on 102 Hz for case (I). The attenuation of
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Figure 10 — Imaginary band structures of EM thin plate with attached single periodic array of 2-DOF resonator for (a) square
and (b) triangular lattices with fl(l) = {102,283} Hz.
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Figure 11 — Comparison of imaginary band structures of EM thin plate with attached single periodic array of 2-DOF resonator

for square (¢s) and triangular (¢7) lattices with fl(i) = {102,283} Hz.

the Bragg-type band gaps is little higher for case (I) than case (II).

1.2.4. Metamaterial plate with attached multiple periodic arrays of M-DOF resonators
We consider an EM plate with attached double periodic arrays of 2-DOF resonators. The 2-DOF resonators param-

eters are 7} = {0.5,0.5,0.5,0.5}, m? = ) pSa, k") = m{" 27 x 160)2(1 + in{"), k¥ = m(? (27 x 180)*(1 +
in), k5 = mi (27 x 100)2(1 + in{"), & = mi? (27 x 300)2(1 +inf”) and n'” = {0.05,0.05,0.05,0.05}.
The resonator frequencies are calculated by Eq. (1), which give flm = 102 Hz, ffz) =283 Hz, fz(l) =70 Hz and

AP = 430.5 Hz.

Figure 13 (a-b) illustrates the real band structure of the EM thin plate with attached double periodic arrays of
2-DOF resonators for square (a) and triangular lattices (b). We observe four locally resonant band gaps associated
with each natural frequency.

Figure 14 (a-b) illustrates the imaginary band structure for the square and for triangular lattices, respectively. One
can see that the highest attenuation is associated with the first natural frequencies, 70 Hz and 102 Hz, similar to
the behaviour illustrated in Figure 10. Besides, the locally resonant band gaps on 70 Hz and 102 Hz start coupling.
The band gap associated with 430.5 Hz have almost no attenuation.

Figure 15 compares the attenuation performance of square and triangular lattices. The square and triangular lattices
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Figure 12 — Comparison of imaginary band structures of EM thin plate with attached double periodic arrays of 1-DOF res-
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considering f{') = {283,102} Hz and f," = {102,283} Hz.
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Figure 13 — Real band structure of EM thin plate with attached double periodic arrays of 2-DOF resonators for (a) square and
(b) triangular lattices with £\ = {102,283} Hz and £i” = {70,430.5} Hz.

present almost the same attenuation performance on the locally resonant band gaps.

2. CONCLUSION

We obtain the complex band structure for a multi-resonator EM thin plate with periodic arrays of MDOF resonators,
considering square and triangular lattices. We consider four cases: (1) EM plate with attached single periodic array
of S-DOF resonator, (2) EM plate with attached double periodic arrays of S-DOF resonators, (3) EM plate with
attached single periodic array of 2-DOF resonator and (4) EM plate with attached double periodic arrays of 2-DOF
resonators. The PWE and EPWE methods are used to find the real and imaginary band structures, respectively.
The locally resonant band gaps present almost the same attenuation for both lattices. However, the square lattice
present broader Bragg-type band gaps with higher attenuation than triangular lattice for all cases. We compare
cases (2) and (3), considering resonators tuned at the same frequencies 102 Hz and 283 Hz. An inverse behaviour
is observed. In this comparison, the highest locally resonant band gap attenuation is observed for case (3) on 102
Hz. The case (4) presents almost no attenuation on 430.5 Hz and a coupled band gap between 70 Hz and 102 Hz
is opened up.

The formation of locally resonant and the Bragg-type band gaps in a multi-resonator EM thin plate enlarges the
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Figure 14 — Imaginary band structures of EM thin plate with attached double periodic arrays of 2-DOF resonators for (a) square
and (b) triangular lattices with f](l) = {102,283} Hz and fz(l> = {70,430.5} Hz.
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Figure 15 — Comparison of imaginary band structures of EM thin plate with attached double periodic arrays of 2-DOF resonators
for square () and triangular (¢7) lattices with £\ = {102,283} Hz and £i” = {70,430.5} Hz.

engineering applications for vibration management.
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APPENDIX H - Implemented Codes
H.1 MATLAB® codes

H.1.1 PWE code for 1D phononic crystal rods

clec; clear all; close all;

im=sqrt(—1);
nmax=10;
neig=2xnmax+1; % Number of

Eigenvalues to keep

nl=(—nmax :nmax) ; % Number of plane
waves = length(nl);

Ba=.01; % Base for material A

Bb=Ba; % Base for material B

Ha=.01; % Height for material
A

Hb=.01;

La=.05; % Length for material
A

Lb=.02;

Lc=La+Lb; % Unit cell length

f=La/Lc; % Filling fraction

rhoa=2730; % Density of material
A

rhob=1180;

Sa=Ba=*xHa; % Cross section area

of material A
Sb=Bb=Hb;
alfaa=rhoa=Sa;
alfab=rhob«Sb;
Ea=77.6%10"9;
Eb=4.35%10"9;
gammaa=EaxSa;
gammab=Ebx*Sb ;

[nx,nxp]=meshgrid(nl ,nl);
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kro_del_ggp=eye(length(nl));

G_Gp=(2*pi/Lc) *(nx—nxp) ; % Reciprocal lattice
vector
fG_Gp=f.*sinc ((nx—nxp)*f); % Structure function

alfam=alfaaxf+alfab=x(1—1);
delalfa=alfaa—alfab;
alfamc=alfam.x kro_del_ggp+delalfa.x(1 —kro_del_ggp).*fG_Gp;

% Fourier coefficient

gammam=gammaax f+gammabxx(1 —f) ;
delgamma=gammaa—gammab ;
gammamc=gammam. * kro_del_ggp+delgamma.x(1 —kro_del_ggp) .+*fG_Gp;

% Fourier coefficient

i=1;
for kx=—pi/Lc:2%pi/Lc/30:pi/Lc
% First Brillouin Zone
Gx=2#xpi/Lcxdiag(nl);
M=(kx*eye (length (nl))+Gx)xgammamc=(kx=+eye(length (nl))+Gx);
N=alfamc ;
omega=eig (M,N) ;
omega=sort ((omega));
freqs (:,1)=sqrt(real (omega(l:neig))).xLc./2./pi;
i=i+1;

end

figure
for idx=1:neig % idx=I1:neig
plot((—pi/Lc:2%pi/Lc/30:pi/Lc)xLc/pi,real (freqs (idx ,:) ) =1/
Le, .—7)
hold on
end
xlabel (’\Re(ka/ \pi)’, FontSize’ ,22,  FontWeight’, bold’)
ylabel (’Frequency (Hz)’,’FontSize’ ,22,’FontWeight’, bold’)
set(gca, FontSize’ ,24, FontWeight’, bold )

grid on
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H.1.2 PWE code for a 2D sonic crystal with circular inclusions and square lat-

tice

clc; clear all; close all;

num_Eigenvals=15;
nmax=10;

nl=(—nmax :nmax) ;

n2=(—floor ((2*nmax+1)"2/2): floor ((2«nmax+1)"2/2));

lat_a=.022;

parameter
£f=0.274;

fraction
ro=sqrt(f/pixlat_a”2);

Inclusion radius, considering

pa=7800;

of inclusion
pb=1.2;

of matrix
cla=6100;

Longitudinal speed of sound in
clb=343;
clla=cla”™2xpa;

constant of inclusion
cllb=clb”*2xpb;

delp=(par—1)—(pbA—1);
pm=(pa*—1)«f+(pbr—1)x(1—1);
delcll=(cllar*—=1)—(cllbr—1);
cllm=(clla?*—1)*f+(cllbr—=1)*=(1—1);

nx_arr=repmat(nl,l,2«nmax+1);
ny_arr=round (n2/(2+nmax+1));
[nx,nxp]=meshgrid (nx_arr ,nx_arr);
[ny,nyp]=meshgrid (ny_arr ,ny_arr);
fill=ones(1l,length(nx_arr));

square

inclusion

lattice

%

%

%

%

%

%

%

Lattice

Filling

Density

Density

Elastic
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fillt=diag(fill);

Gx=2xpi/lat_a=nx;

Gxp=2=pi/lat_a=nxp;

Gy=2«pi/lat_a=ny;

Gyp=2xpi/lat_a=nyp;

G_Gp=sqrt(4=pixf*((nx—nxp)."2+(ny—nyp) ."*2))+fillt;

fG_Gp=2«fxbesselj (1,G_Gp) ./G_Gp; %
Structure function for circular inclusion in a square

lattice

kro_del_ggp=(nxp==nx) & (nyp==ny);

pmc=pm.* kro_del_ggp+delp.«(1 —kro_del_ggp) .*fG_Gp; %o
Fourier coefficient

cllmc=cllm.*kro_del_ggp+delcl1.%(1 —kro_del_ggp).*xfG_Gp; %

Fourier coefficient

for kyind=1:3

onoff=1;
for kx=.05:2«pi/lat_a/20:pi/lat_a
if kyind==
kxt=kx;
kx=pi/lat_a—kx;
ky=kx;
elseif kyind==
kxt=kx;
ky=0;
elseif kyind==
kxt=kx;
ky=kx;
kx=pi/lat_a;
end

137

Q=pmc.* (((kx+Gx)) .*((kx+Gxp) ) )+pmc.* (((ky+Gy)) .= ((

ky+Gyp)) )
R=cllmc;
A=R\Q;
[a,b]=eig(A);
g=find (b~=0);
eigs=(sort(b(g)));
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90

91

92

93
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95
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end
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eigs (1:num_Eigenvals);
k=repmat(kxt,1 ,num_Eigenvals)=xlat_a/(2x*pi);
min (b(g)):
if onoff==
omega=[real (sqrt(eigs (l:num_Eigenvals))) ]/(2=
pi);
karr=[k];
if kyind==
omegafull=[real (sqrt(eigs (1l:num_Eigenvals))
) "1/ (2% pi);
karrfull=[k];
end
onoff=0;
else
omega=[omega,real (sqrt(eigs (l:num_Eigenvals)))
w1/ (2% pi) ],
karr=[karr ,k];
omegafull=cat(1,omegafull ,...
real (sqrt(eigs (l:num_Eigenvals))) *«1/(2*pi)
)
karrfull=cat (1, karrfull ,k);

end

if kyind==1

myfig=figure ;

ymax=max (omega) ;
subplot(1,3,1)

bl=plot(karr ,omega, "=);
axl=gca;

po=get(gca, position );
set(gca, YLim’ ,[0,ymax]);
set(gca, XLim” ,[0,.5]);
set(gca, FontSize’ ,22, FontWeight’, bold ")
set(gca, nextplot’, add’);
left_side=po(1);

set(gca, xtick’  ,[]);
width=po(3);
right_side=left_side+width;
set(gca, xticklabel” ,{});
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ylabel (' Frequency (Hz)’,  FontSize’ ,24,’FontWeight’

"bold ) ;

elseif kyind==2

subplot(1,3,2)
b2=plot(karr ,omega, ") ;
po=get(gca, position );
po(l)=right_side;

ax2=gca;

set(gca, 'nextplot’™, add”);
set(gca, 'position’ ,po);
set(gca, YLim’ ,[0,ymax]);
set(gca, XLim’ ,[0,.5]);
set(gca, xtick’™ ,[]);
set(gca, xticklabel  ,{});
set(gca, yticklabel  ,{});
left_side=po(1l);
width=po(3);
right_side=left_side+width;
set(gca, xticklabel” ,{});

elseif kyind==

subplot(1,3,3)
b3=plot (karr ,omega, "= ") ;
po=get(gca, position  );
po(l)=right_side;
ax3=gca;
set(gca, 'nextplot’™, add”);
set(gca, position’ ,po);
set(gca, xtick’  ,[]);
set(gca, xticklabel” ,{});
set(gca, yticklabel  ,{});
set(gca, YLim’ ,[0,ymax]);
set(gca, XLim’” ,[0,.5]);
left_side=po(1l);
width=po(3);
right_side=left_side+width;
set(gca, xticklabel  ,{});
text(—1,—.035%xymax, 'M’,  FontSize  ,22,
bold’);

text(—.52,—.035xymax, "\Gamma’ ,  FontSize’

"FontWeight’
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139

end

end

140

FontWeight’, bold’);

text(—0.02,—-.035xymax, "X, FontSize ,22,  FontWeight
>, bold ) ;

text(.43,—.035%xymax, 'M’, FontSize ,22,  FontWeight ",
"bold’);
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ANNEXE A - Periodic Systems

In this annexe, it is presented a brief review of basic fundamentals of 2D periodicity
(A.1), wave propagation in periodic systems (A.2) and band gap formation mechanisms (A.3).
A special attention is given for 2D periodic structures, since they are the subject of this thesis

herewith 1D periodic structures, and their theory is more general than for 1D.

A.1 Geometric properties

The idea of periodic systems or crystal structures is associated with lattice and basis con-
cepts. The crystal structure illustrated in Figure A.1 is formed by adding a basis to every lattice
point (Kittel, 2004).

...|. o oo_......

Figure A.1: An example of a crystal structure with its basis and lattice points of the lattice.

A particular lattice T in R” is defined in such a way that the periodic system is equally
observed from any point of the lattice, that is the system is invariant under translations and,
sometimes, under rotations. From group theory, it has been proved that there is a unique 1D
periodic system, five 2D and fourteen 3D different Bravais lattices (Garcia, 2010). Figure A.2
illustrates examples of artificial crystals, for instance PnCs with 1D, 2D and 3D periodicity.

Figure A.2: Artificial crystals with 1D, 2D and 3D periodicity (Laude, 2015).

The lattice of a periodic system is defined as:

F= 3 s, (A1)
=1
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where z; € Z and a; are the primitive translation vectors of the lattice. The parallelepiped
formed by a; is known as primitive cell (a type of unit cell). There is always a lattice point per
unit cell. The Wigner—Seitz cell is an example of a primitive cell, which is a unit cell containing
exactly one lattice point. It is the locus of points in real space that are closer to that lattice point
than to any of the other lattice points.

In order to proceed further with the Fourier analysis, there is the reciprocal lattice in
reciprocal space (also known as momentum space or k-space), which is related to the direct
lattice (Bravais lattice) in direct space (real space). Reciprocal lattice is a basic definition in
Solid State Physics for better understanding of the physical properties of periodic systems. The
primitive cell in reciprocal space is called Brillouin zone (Brillouin, 1946). Thus, a Brillouin
zone is defined as a Wigner-Seitz primitive cell in the reciprocal lattice (Kittel, 2004). Primitive
cell vectors in the reciprocal lattice are defined from direct lattice vectors as:

Eijkaj X ag

b, =27 (A.2)

a; - (ay X az)’
where €;;;, is the completely anti-symmetric Levi-Civita symbol, also known as permutation
symbol, and it is 1 if (i,5,k) is an even permutation of (1,2,3), -1 if it is an odd permutation,
and 0 if any index is repeated. Any linear combination g = > | ;b;, with p; € Z, gives a
lattice point in the reciprocal space, where g is known as reciprocal lattice vector. In addition,
the primitive vectors on reciprocal and real spaces have the following orthogonality relation
a; - b; = 27d,;, where 6;; = 0if ¢ # j or §;; = 1if i = j is the Kronecker delta.

Every periodic system has two lattices associated with it, that is the real and reciprocal
lattices. The reciprocal lattice is a lattice in the Fourier space related to the crystal. An interesting
analogy is that the diffraction pattern of a crystal is a map of its reciprocal lattice, whereas a
microscope image, if it can be resolved in fine enough scale, is a map of the crystal structure in
real space (Kittel, 2004).

Figure A.3 illustrates some examples of lattices for 2D PnCs, i.e., square (a), rectangular
(b), triangular (c), honeycomb (d) and Kagomé (e) lattices. The first irreducible Brillouin zone
(FIBZ) of these lattices is also illustrated in Figure A.3 (f-j). The FIBZ is the first Brillouin
zone (FBZ) reduced by all of the symmetries in the lattice point group (crystal point group).
In Figure A.3, note that a is lattice parameter for square, triangular, honeycomb and Kagomé
lattices, whereas a; and a- are lattice parameters for rectangular lattice.

The FIBZ points in Figure A.3 (f-j) are I (0,0), X (7/a,0) and M (7 /a,7/a) for square
lattice, I' (0,0), X (7/a1,0), M (7/ay,m/as) and K (0,7/az), with a; > as, for rectangular
lattice, I" (0,0), X (47/3a,0) and M (7 /a, 7 /+/3a) for triangular lattice, I" (0,0), X (47/3v/3a,0)
and M (7 /+/3a,m /3a) for honeycomb lattice, and T (0,0), X (27/3a,0) and M (7 /2a,7/2v/3a)
for Kagomé lattice.

The primitive vectors in real space are defined for square lattice, a; = ae; (i = 1,2),

rectangular lattice, a; = aj€1, az = asey, triangular lattice, a; = aey, ap = Je; + %geQ, hon-
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Figure A.3: Transverse cross section of the 2D PnC with (a) square, (b) rectangular, (c) trian-
gular, (d) honeycomb and (e) Kagomé lattices. The first irreducible Brillouin zone, in shaded
region, for (f) square, (g) rectangular, (h) triangular, (i) honeycomb and (j) Kagomé lattices.

eycomb lattice, a; = a\fel—l— 22y, ay = “‘[eﬁ—?’aeg and Kagomé lattice, a; = ae; +av/3e,,
a, = —ae; + av/3e,, where e;, © = 1,2, are the basis vectors in real space. The reciprocal lat-

tice vector, g, calculated for square, rectangular, triangular, honeycomb and Kagomé lattices is

expressed by mn = %Tﬂ'(mel + neQ)’ gmn = 27T(me1 + i ) 8m.n = 2771-[Tnel + %62]’

8mn = a\[[(m n)e; + (m\;%”) e;] and gy, = (M — n)e + (m}”) €], m,n € 7Z, respectively.

The vector g, ,, 1s two-dimensional because it is considered 2D periodicity.

Another important concept for 2D PnCs is the filling fraction, defined as f = g—g for
square, rectangular and triangular lattices, where S4 and S¢ = ||a; x as|| are the cross section
areas of inclusion and unit cell. For honeycomb and Kagomé lattices, the filling fraction can be
defined as f = 25A and f = 3SA , respectively, since they have two and three inclusions per
unit cell. The PnC 1nclu51ons in F1gure A.3 (a-e) are arbitrary, but they can be, for instance, in
Figure A.4 — circular (a), hollow circular (b), square (c) and rotated square with a 45° angle of
rotation with respect to the x and y axes (d). For hollow circular inclusion, Figure A.4 (b), grey

region represents the same material of matrix.

. (b) . (C) . (d) ‘

Figure A.4: Transverse cross section of the PnC inclusions: (a) circular, (b) hollow circular, (c¢)
square and (d) rotated square with a 45° angle of rotation with respect to the x, y axes.
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A.2 Wave propagation

The basis of periodic structure study, from a mathematical point of view, was pioneered
by Floquet (1883). He proposed analytical solutions for ordinary differential equations with
periodic coefficients. Until 1887, only discrete models of periodic structures composed of reg-
ular lattices of springs connected to point masses had been considered. Later, Bloch (1928)
extended the results presented by Floquet (1883) for the 1D spatial periodicity to the 3D case
(Silva, 2015).

Schrédinger equation in quantum mechanics, Maxwell equations in electromagnetism,
vectorial equation of Navier-Cauchy for elasticity and wave equation in acoustics present the
same type of solution when they are solved for periodic system (Garcia, 2010). Floquet-Bloch’s
theorem affirms that the eigenfunctions of the wave equation for a periodic potential are the
product of a plane wave times a function with the same periodicity of the crystal (Kittel, 2004).
Considering 2D periodicity and wave propagation in the xy plane (k3 = 0), one can write

(hereafter omitting frequency dependence):

u;(r) = ejk'ru,-k(r), (A.3)

where u;(r) (i = 1,2,3) is the elastic displacement, r = xe; + yey, z,y € R, is the 2D spatial
vector, u;, (r) is the Block wave amplitude and note that u; (r) = u; (r +T), u;(r +T) =
u;(r)e?® T, where e/%T is known as Floquet-Bloch periodic boundary condition. The Bloch wave
vector, also known as wave number, is defined as k = ub; + vbsy, where u,v € Q are the
symmetry points within the FIBZ in reciprocal space, or we may write k = kje; + kqeo,
k1, ko € R are the point coordinates within the FIBZ for reciprocal space in Figure A.3 (f-j).

The equations that describe the elastic waves in an transversely isotropic infinite solid,
considering 2D problem, 0/0x3 = 0, and linear media (small deformation theory), are given by
Navier-Cauchy equations in frequency domain:

0 0
8;) + %[(011 — 2¢66)V - 1, (A.4)

—w?puz = V - (caVug), (A.5)

—wzpui =V- (C(;GVUZ‘) + V. (066

where p is the density, cgg = %(cn —12), V.= (0/0x1)e; + (0/0xs)e2, u = uje; + uses, and
11, C12, C44, Cgg are the elastic constants of stiffness tensor using Voigt notation. In Eq. (A.4),
there are implicit the longitudinal (¢;) and transverse (c;) sound velocities, hence longitudinal-
transverse vibrations (XY modes) remain coupled. Furthermore, these vibration directions are
related to the displacements u; and us. In Eq. (A.5), the transverse vibration (Z modes) is in
z direction, perpendicular to xy plane, and it is associated with u3. XY modes are also known
as pressure and vertically polarised shear modes — P-SV modes, and Z modes as horizontally
polarised shear modes — SH modes (Barnell, 2014). Equations (A.4) and (A.5) represent a non-
dispersive wave propagation of bulk waves in a infinite medium, since phase velocity does not



145

depend on frequency, thus all harmonic waves travel at the same velocity, that is group velocity
is equal to phase velocity. For more details of bulk wave propagation, see Graff (1975).

The wave propagation described by Eqs. (A.4) and (A.5) starts to become dispersive
whether a inhomogeneous medium is considered, for instance the 2D PnC illustrated in Fig-
ure A.3 with periodically inclusions embedded in a matrix. For 2D PnCs, one can note that
c11 = c11(r), c19 = c12(r), ce6 = cg6(r) and cyy = cq4(r). Furthermore, in order to handle sonic
crystals (SnCs), i.e., the acoustic case of PnCs, hence, for instance, periodically solid inclusions

embedded in a fluid matrix, the wave equation can be written as:
— Wit =V (p'Vp), (A.6)

where p = p(r) is the acoustic pressure in frequency domain. Equation A.6 is known as Helm-
holtz equation and it is used to analyse acoustic wave problems. In addition, Eq. (A.6) can be

obtain from Eq. (A.4) rewritten as:

ou
6:131»

remembering that ¢; is zero in fluids and considering that V x pu = 0 and pu = Vp. Equation

—w?pu = V- (cs V) + V- (cgs=—) + V[(c11 — 2¢66)V - 1], (A7)

(A.6) is more suitable neglecting inclusion shear rigidity (Kushwaha and Halevi, 1997). In ad-
dition, it must be highlighted that Eq. (A.6) is valid only whether waves propagating through a
SnC can be regarded as purely longitudinal as long as coupling of shear elastic waves inside the
inclusions to acoustic waves in the matrix can be completely ignored (Laude, 2015).

When other effects are present in PnCs, such as piezoelectricity and/or piezomagnetism,
the wave propagation becomes more complex, because constitutive relations change, since these

effects must be regarded.

A.3 Band gaps

Band gaps can be defined as ranges of frequency where there are no propagating Bloch
waves. In these frequency ranges, there are only evanescent Bloch waves. Bloch wave vec-
tor is complex for evanescent waves. The imaginary part of Bloch wave vector is especially
significant, since it describes the exponential decay or amplification of the evanescent wave.
The transmission through a finite length PnC or MM at frequencies within a band gap range is
governed by exponentially decaying evanescent waves (Laude, 2015).

There are basically two types of band gaps — locally resonant and Bragg-type. In this
thesis, band gaps are classified as partial, complete and full. Partial band gap is valid for at least
one direction in k-space, but not necessarily for others. A band gap is considered as complete
when it is opened up for all values of k inside the FBZ. A full band gap is a complete band
gap that is opened up for all polarization modes, and thus for all possible waves in the periodic

structure. Bragg-type band gaps can be partial, complete and full, however, locally-resonant
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band gaps are always complete band gaps if the coupling (between propagating wave and the
vibration excited in the resonator) does not vanish for any direction of propagation (Laude,
2015).

The most common and historically first invoked physical mechanism of band gap form-
ation is Bragg interference. Bragg scattering occurs at every periodic plane of scatterers inside
the periodic structure. Bragg-type band gaps can be created anytime a forward and a backward
propagating Bloch waves are phase matched, i.e., when they would have degenerated modes
in the band structure space (k,w) if they did not couple (Laude, 2015). The destructive inter-
ference of waves creates the band gaps (Armenise et al., 2010). Some important parameters
that influence the Bragg-type band gap widths are the PnC lattice, material properties, unit cell
geometry, filling fraction, among others.

The limitation of PnCs and SnCs is that only Bragg-type band gaps are created, thus it
is not possible of achieving low-frequency band gaps for small lattice parameters. This can be
overcome with the locally resonant band gaps opened up by MMs. Achaoui et al. (2013) studied
the propagation of surface acoustic waves in 2D locally resonant PnCs with a random array of
pillars and with a periodic structure. It was shown that the locally resonant in the low frequency
range is almost independent of periodicity and resilient to randomness, while the Bragg-type
band gap disappears with the random array.

Considering local resonance in EMs, there is the possibility of a part of the incoming wave
energy to be trapped in the resonator for some time before it is radiated away to all permitted
propagation modes. Local resonance principle can be viewed as a classical analog of Fano
resonance, i.e., as the coupling of a continuum of propagating waves with a localized resonant
state (Laude, 2015).
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