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Article history: This paper aims at proposing a novel type of acoustic metamaterials with complete band
Received 19 August 2016 gap composed of piezoelectric rods with square array as inclusions embedded in an air
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Available online 15 December 2016 principles of the Bloch-Floquet method with electromechanical coupling effect and also

impedance spectra are used to get a band frequency and to investigate the passband for

gﬁ{,ﬂg;‘fj crystal the selected cut of piezoelectric rods. We investigate both the electromechanical coupling
Acoustic band gaps coefficient and mechanical quality factor and their dependency to passband and bandwidth,
Passive control which depends on both the density and the wave impedance of the matrix and the
Piezoelectricity inclusions (rods). The ratio of the volume of inclusion to the matrix is used to define the
Vibration isolation fill factor or the so-called inclusion ratio, to introduce the bandwidth as a function of that.
Ultrasonic noise control Furthermore, the fabrication method is presented in this paper. The results make a suitable

foundation for design purposes and may develop an inherently passive ultrasonic noise
control. In addition, the results provide the required guidance for a simulation-based design
of elastic wave filters or wave guide that might be useful in high-precision mechanical
systems operated in certain frequency ranges and switches made of piezoelectric materials;
they also propose a novel type of elastic metamaterials, which is independent of the wave
direction and has an equal sensitivity in all directions in which it reacts omnidirectionally
and mitigates the occupational noise exposure.

© 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Having industrialized the modern world, the literature and private studies have confirmed the adverse effects of indus-
trial noise in the working environment on human hearing. Indeed, in high-frequency audiometry, i.e. 8-20 kHz, significant
changes occur in the hearing threshold level [1]. Many countries (e.g., France and Germany) are working on assessing the
harmfulness of occupational noise exposure and on amending the admissible values in the ultrasonic range [1]. France de-
termines admissible values of ultrasonic noise and recommends limiting noise exposure in the high-frequency audible range
(8-20 kHz) and the low-frequency ultrasonic range (20-50 kHz) [1]. Phononic crystals have analogue properties to photonic
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Nomenclature
G The vectors of reciprocal lattice 2m/Ax, Normalized reciprocal lattice vector along x;
k The “Bloch” wave vector U(r,t)  Generalized displacement or generalized stress
f Filling fraction ratio vectors
r The radius of cylindrical scattering material F(G) The structure function
0ij Cauchy stress tensor Cijil The elastic coefficients tensor
Cijk The piezoelectric coefficients &ij Linear part of the elastic strain tensor
0 Material density N
¢ Electric potential w Frequency . .
D; The electric displacement vector fields o(r) The Fourier component of arbitrary material
Ac The Fourier component of arbitrary material constants

constants Uj Displacement vector
Ac The amplitude vector of the partial waves J1 The first kind Bessel function of first order
E; The electric field Ac The area of the primitive unit cell

crystals [2-4]. Hence, shortly after starting the research on photonic band gaps, where the band gaps or stop bands are
observed for electron waves in semiconductors; the idea has been extended to both electromagnetic waves in photonic
crystals and elastic waves in phononic crystals [5]. These types of meta-materials, constituted by a periodic repetition of
two different materials, can either show absolute band gaps in their transmission spectra [6,7], where the elastic waves do
not propagate at some frequencies, or dictate the modes that are allowed to be propagated in the material. Moreover, these
types of materials can decrease the velocity of the elastic waves and even represent negative refraction [8]. This capability
offers the idea of constructing new meta-materials with special performance for vibration control [9] or producing acoustic
shield with applications in designing acoustic filters, wave guides, mirrors, and wave transducers. Similarly, several phenom-
ena such as guiding [10-12], bending [13,14], filtering [15,12], demultiplexing [3], and super lenses for acoustic waves [16]
have been predicted so far. On the other hand, phononic crystals can tailor the allowed modes and their wave speeds inside
the material in such a way that the frequencies of various material losses subjected to different regimes is to be matched
with the density of some states and frequencies of some modes in order to provide enhanced energy absorption [5]. Since
mechanical waves propagate in a solid in the form of both longitudinal and transverse waves, a designated structure with
complete phononic filters might have band gaps for both waves in the same frequency region [17].

The geometry and composition characteristics of phononic filters play essential roles in showing forbidden gaps of wave
propagation in these filters, regardless of wave polarization and propagation directions. However, the larger the bandwidth
for these forbidden zones, the more the applications for phononic filters. Actually, the bandwidth for this forbidden zone is
a key factor for some purposes, e.g., for vibration control at specific frequencies. Some researchers have tried to enlarge the
width of band gaps (e.g., see [18]). They showed that the width of band gaps may be determined by the contrast of elastic
constants, the inclusion (filling) volume fraction, and the lattice of the constructed parts. Changing either the geometry or
the elastic characteristics of the constitutive materials through external stimuli such as wave propagation causes the band
structure of phononic crystal to be adjusted to a specific range of frequencies, and thus, represents either a partial or a full
band gap.

Geometry design of phononic crystals with its inclusions and of matrices with tunable band gaps is an interesting
but challenging issue. The ability to tune the band gaps leads to make both non-absorbing mirrors for elastic waves and
vibration-free cavities, which might be useful in high-precision mechanical systems [19] operated in certain frequency
ranges. Thus, a phononic crystal may be designated in such a way that it can be adjusted in a desired band gap con-
figuration.

Some functional materials such as thermally activated shape memory alloys, electro-rheological materials, dielectric elas-
tomeric layers, and either magneto-elastic or magneto-electro-elastic materials have been selected to be used to capture
a tunable passband and stop band in phononic crystals with higher efficiency [20-24]. Representing a full band gap for
phononic crystals could lead to improve the design of transducers and vibration controllers.

The high electromechanical coupling factor and low wave impedance at piezoelectric materials [25,26] stimulate the
piezoelectric-based phononic crystal developments. Moreover, piezoelectric materials have some unique properties as com-
pared with other tunable materials such as shape memory alloys and electro-rheological materials, which make the piezo-
electric materials to be highly accurate in the control of displacement, quick response, and to reduce the device size strongly
[27]. But, since the piezoelectric substrate is not isotropic, they allow bulk waves to travel with different speeds in different
directions. These phenomena cause piezoelectric crystals to be configured in such a way that the full band gap will result.
A key note is that the velocities of bulk wave propagation or the slowness of surfaces in anisotropic piezoelectric materials
have directional dependency [28]. Since the band gap property depends on both geometry and wave impedance, there is
a need to investigate the effect of these parameters accurately to catch suitable configurations for inclusions to reach the
desired performance.
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Simulation-based design is a breakthrough toward complex systems, where the electromechanical coupling factor, the
filling fraction effect, the impedance spectra and numerical challenges shall be taken into account for an accurate design
and to avoid both a high cost of experiment and the cost induced by trial and error set-ups.

There can be three perpendicular polarization planes for elastic waves in piezoelectric materials and three different body
waves, namely longitudinal, in-the-plane transverse (shear), and out-of-the-plane transverse waves can propagate in each
plane [29]. Thus, piezoelectric based metamaterials must prohibit propagating all types of waves in all directions in order to
have a structure for a full band gap. Propagating elastic waves in a medium is usually described by a dispersion relationship
between frequency and wave vector. There exist some tools for band diagram prediction, which are very complicated in
inhomogeneous materials. However, there are also various methods to obtain high-quality dispersion curves, one of which
is Plane Wave Expansion Method (PWEM) [30]. Although this method has been developed for electromagnetic wave, it is
a powerful method even for calculating the dispersion relationships for both acoustic and elastic waves, it fails in some
cases where the material contrast between inclusions and matrix is high. In this context, an extremely large number of
Fourier's components are needed to ensure enough accuracy. Here the principle of the Bloch-Floquet method [31] is car-
ried out to calculate the wave modes and group velocities, even for complex propagation constants. Recent developments
in piezoelectric-based smart materials (e.g., one-dimensional phononic crystal) [32] or piezoelectric-based vibration con-
trol [33] show that vibration control with an enough large band gap through suitable rod materials is possible; however,
in the low-frequency ultrasonic range, the passive vibration control or acoustic shield is very difficult. Thus, the vibroa-
coustic control or vibration isolation with complete band gap, where no wave propagates, will have excellent performance
and stimulate developments in practical purposes, and it will be easy to use, especially for occupational noise exposure
mitigation.

In this article, a novel type of phononic crystal in the form of a meta-composite with complete band gap and inherently
passive behavior, which consists of a cylindrical piezoelectric material with a square array as an inclusion embedded in
an air background is proposed. The rods in this phononic crystal are arranged according to a special configuration, and a
modified plane wave expansion method and the principles of the Bloch-Floquet method accompanied with electromechan-
ically coupling effect are employed to get the band structure and to study the pass bands. We separately investigate the
dependency of passband and of its bandwidth on the density of the proposed phononic crystal and on the wave impedance
of background and inclusion. In addition, the effects of the inclusion ratio defined as the volume ratio of the inclusion
and the whole composite on the performance of the band gap and piezoelectric material are studied. The results make a
suitable concrete foundation for the development of a passive vibration or ultrasonic noise controller that will be used in
the design of wave filters and switches made of a piezoelectric-based meta-composite. The results may also be useful for
making acoustic noise control devices. Additionally, these types of meta-composite materials have full band gap properties
that can be used for making a standalone vibration isolator. The full band gap property improves the vibroacoustic comfort
and the general performance of devices that reduce industrial noise in working environments.

This paper consists of seven sections, as follows.

Section 2 introduces the candidate rod-based piezoelectric metamaterials, and the associated acoustic wave velocities
in cases with and without electromechanical coupling, and the figure-of-merit effects. Section 3 introduces modified the
Plane-Wave Expansion Method (PWEM) associated with the “Bloch-Floquet” method, where electromechanical coupling ef-
fects, mechanical quality factors, as well as impedance spectra of piezoelectric materials are taken into account for designing
the acoustic band gap. In Section 4, the key parameters with the associated results are documented. Section 5 offers the
fabrication method, and finally the analysis of the results and of the conclusions is presented in Sections 6 and 7, respec-
tively.

2. Determining the acoustic wave velocity in the candidate piezoelectric material and the figure of merit

The high accuracy in the control of displacement, quick response, and especially strong reduction of the size of the de-
vice made by piezoelectric materials are motivations toward piezoelectric-based metamaterials. Since the band gap property
is related to the wave contrast between two different media, a maximizing band-gap-width strategy leads to increase the
acoustic wave velocity contrast between two media. On the other hand, as the piezoelectric substrate is not isotropic, the
bulk waves travel at different speeds in different directions. Here, the ranges of acoustic wave velocity that the rod can
support are investigated by considering the effects of both anisotropy and electromechanical coupling as the first step. To
do this, lithium niobate with strong coupling [34] is selected to investigate the effect of piezoelectric rods on the band
gap. The inherent high purity of “lithium niobate” makes it a candidate for acoustic wave applications. Due to its chemi-
cal insensitivity, etching techniques are suitable for fabrication, which allows periodic structures with reasonable size and
filling fraction to be achieved. Furthermore, these techniques are compatible with acoustic wave guides where fabricating a
two-dimensional phononic crystal will be possible. The acoustic waves are confined in three dimensions in this crystal. The
rods properties can be found here.!

1 http://www.efunda.com/materials/piezo/material_data/matdata_output.cfm?Material_ID=LiNbO.
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Piezoelectricity is described mathematically within a material constitutive equation, which defines how the stress tensor
(o), the strain tensor (S), the charge-density displacement vector (D), and the electric field vector (E) interact in piezoelec-
tric materials.

The piezoelectric constitutive law (in strain-charge form) is:

S=SE'O'+dt'E (1)
D=d-o+er-E )

The matrix d contains the piezoelectric coefficients for the material, and it appears twice in the constitutive equation (the
superscript “t” stands for the transpose of the matrix). In addition, s and &7 are the compliance matrix and permeability
of the piezoelectric material. The compliance matrix, piezoelectric coupling and the relative permittivity for the lithium
niobate material are respectively given as:

578 —1.01 —1.47 —-1.02 0 0
~1.01 578 —1.47 102 0 0 ,
| 147 —147 502 0 0 0 _pm
SE=1 102 102 0 17 0 o |[*107§ (3)
0 0 0 0 17 —2.04
0 0 0 0 —204 136
0 0 0 0 68 —42 c
d=[-21 21 068 0 0 |x1071?2= (4)
1 16 0 0 0 N
. 84 0 0 .
T_lo 8 0], £=884x10"12—_ (5)
€0 0 0 30 m

The acousto-optic figure of merit (FOM) indicates the ideal coupling orientation maximizing the refractive index change due
to an acoustic signal. The figure of merit is calculated as:
6,2
FoM="L (6)
pVv
where n is the refractive index, p is the elastic constant, p is the density, and v is the velocity. A method for the directional
dependent refractive index and FOM is presented by McIntosh [35].

In Fig. 1, using Mathematica® code, the acousto-optic figure of merit for the Y-cut lithium niobate is plotted.

The crystal cut (the cuts are labeled based on the perpendicular plane on them) determines the properties of the crystal
and the affected mode of vibration, frequency stability, acoustic wave velocity, aging and other parameters. Therefore, from
a practical point of view, the crystal cut is significant.

Based on the modified Christoffel’s equation, [37], dominant modes of acoustic wave velocities in a piezoelectric rod
with and without coupling effects were plotted for the selected crystal cut by using Mathematica® code.

As seen in Figs. 2 (a), (b), (c), the anisotropy and coupling effect on the acoustic wave velocities depend on specific 3D
velocity distribution induced by the coupling, and the crystal cut. These velocities are denoted by longitudinal, in plane
and out of plane wave velocities. This is one of the key parameters for design purposes. The large gaps are the results
of high contrast in both velocities and mass densities [38]. In this regard, the cylinders are made of the high velocity
materials for composite systems presenting very large complete acoustic gaps. Therefore, the velocity ranges supported
by rods are important (Appendix A). These figures represent the longitudinal, in plane and out of plane wave velocities.
They signify the correlation between anisotropy, electromechanical coupling effect, and wave velocity, and represent the
acoustic wave velocity ranges that rod can support. Since the wave velocity ratio between the two media at metamaterials
is important for desirable full or partial band gap, these results are critical to choose the suitable inclusion and wafer.
The low contrast may lead to partial or no band gap. To cover the full band gap, all acoustic wave velocities that can be
supported by any type of the selected piezoelectric should be considered to lead the full band gap. The air is selected
in order to enhance the efficiency and performance of metamaterials, especially in specific frequency regime. In this way,
the density and the acoustic wave contrast is increased, and the phononic crystal size is decreased (Appendix A). When
scattering occurs coherently from equally spaced layers in a phononic crystal, the band gap opens up at the border of
the first Brillouin zone. Although the dispersion in the vicinity of the band gap will be modified, the center frequency of
the band gap is approximately given by assuming linear dispersion based on the center frequency of a Bragg band gap,
(fc ~ 25) where “v” is the velocity at host and “a” is the lattice parameter [39]. Based on this approximation, the acoustic
wave velocity at host has direct effect on center frequency of a Bragg band gap. Therefore, by increasing the wave velocity
at host, the frequency band gap is likely changed to higher frequency range. The acoustic wave velocity at air is assumed as
343 m/s.

In summary, elastic metamaterial including lithium niobate embedded in honeycomb skeleton (for support) with air gap
was proposed to mitigate the noise at ultrasonic range.
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Fig. 2. (a), (b) and (c) represent the wave velocity of “Y-cut” wafers, denoted by longitudinal, in plane and out of the plane, for lithium niobate with and
without electromechanical coupling effect.

3. Modeling a phononic crystal

The model considered here is a periodic two-dimensional system of cylindrical rods that play as scattering materials
(Fig. 3), infinite long in the Xs-direction embedded in honeycomb skeleton with air gap. By this model, we are able to
calculate the band structure for the propagation of plane waves traveling through this structure. The depth of the cylinders
sets up a certain wavelength so that any wave with wavelength smaller than the depth of the cylinder sees the cylinders as
infinitely long obstacles as far as the scattering process is concerned [40]. This subject will be shown by impedance spectra
of piezoelectric materials at Section 3.2. The distance between cylindrical scattering materials is called the lattice parameter
and is denoted by Ay, along x; and Ay, along x;, while the radius of the cylindrical scattering material is denoted by r.
The lattice parameter along x; and x; is here assumed to be equal to Ax, = Ax, = Ao. The filling fraction, f, is defined as
the ratio of the scattered area to the area of unit cell, and is expressed as f =m(r/Ag)? for the circular scatters at square
array (Fig. 4).

3.1. The Bloch form of the PWEM

Assuming a Cartesian coordinate system as a reference, the constitutive equations for a piezoelectricity with the equation
of motion and Poisson’s condition at dielectric media were given by Wilm et al. [42];
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Fig. 3. A square-lattice, two-dimensional phononic crystal, consisting of cylindrical piezoelectric rods embedded in an air background.
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where the summation convention has been employed and ojj(x1, X2, X3, t) is the Cauchy stress tensor, €;j(x1, X2, X3, t) the
linear part of the elastic strain tensor, and D;(x1, X2, x3,t) is the electric displacement vector field. In addition, c;j is the
elastic coefficient, and e;j, is the piezoelectric coefficient. In this paper, all the material coefficients are considered as being
dependent on (x1,Xz) and independent of x3. The elastic strain tensor, &;;, is expressed in terms of displacement vector u;

as
1/0u; duj
g | L4 2 11
Y 2(3Xj+ 3X,’> ()
By the quasi-static approximation, the electric field may be expressed as the gradient of an electric potential ¢ (x1, X2, x3) as
d¢
Ei=——=—¢i (12)
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The PWEM is a commonly used numerical technique to calculate the band structures for photonic crystals [43,39,44,45]. The
PWEM can be applied to a phononic crystal with any shape of scattering; however, only infinite arrays can be modeled [46].
According to the Bloch-Floquet theorem, all fields in a periodic solid such as displacements and stresses can be expanded
as infinite series [42,47].

h(r, t)=th(a),k)exp(j(a)t—k-r—G-r)) (13)
G

where h stands for either the displacements, or the stresses, or the electric potential, or the electric displacements, or the
acoustic pressure field, j = ~/—1, r = (X1, X2, x3)T. The superscript “T” is transposition, and the vectors of reciprocal lattice
are

G(my,my) = (2mm1 /a1, 27m2 /a2, 0)" = 21/ Ay, , 21/ Ay, , 0)

which means that the set of all wave vectors G that give plane waves e/ with the periodicity of the lattice and the
G-vectors correspond to the reciprocal lattice points. Here, 21t/ Ay, and 2m/Ay,, are the normalized reciprocal lattice vectors
and are assumed to be periodic with a period of Ax; along the xj-axes [41]. In this expression, k is the “Bloch” wave vector
and in a special case a; =a; = a, where a is lattice constant with m; and my integers.

The main part of the PWEM is to expand the system functions such as density, speeds, and wave functions by plane
waves that exist in the wave equation in the form of Fourier series in terms of x1, x, and x3 as:

a(r) = Zace_jc'r (14)
G

where «/(r) is the Fourier component of material constants including the material density, elasticity, piezoelectric, and
dielectric tensors for the periodic structure, which depend on the position or

a ={p, Ciju, €ijk, £ij}

ie.
pm =3 & pc (15)
G
Ciju(®) =Y el®egM (16)
G

The Fourier harmonics o are calculated for various scattering materials and lattice geometries [22,42,48] and, the sum is
taken only over the reciprocal lattice points. One may write a¢ as follows

ac=og f +acm(1— f) when G=0

(17)
oc = (agr —aem)F(G) when G#0

where a¢; and oy stand for Fourier harmonics for the inclusion (cylindrical rod) and matrix (substrate). In addition, f is
the area filling fraction, which is defined as the cross sectional area of a cylinder relative to a unit-cell area. As mentioned
earlier, the subscripts I and M represent the inclusion and matrix, respectively. F(G) in (17) is called the structure function
defined as follows:

F(G)=A]! /clzrerl'c'r (18)
Ac
ie.
pe=AC" /dzrp(r)e_jc'r (19)
Ac
ci g = A=t f d2rcii (pye—iG (20)
Ac

where A. is the cross section area of the filling structure or the area of the primitive unit cell of a two-dimensional
phononic structure. The proposed system consists of piezoelectric rods with square array and circular cross-section with
air-gap material, which results in the following structure function factors for circular scatter [39]:

2
J1(GT0), 0<f=n<

Fc=2
c=2f Gro az

(21)

]
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where Jq is the first-kind Bessel function of the first order. In each case, the maximum value of the filling fraction f
corresponds to the close packing of the rods in the matrix. The irreducible part of the Brillouin zone of a square lattice is
shown in Fig. 4.

The square lattice configuration has a reciprocal lattice vector defined in the PWE method as:

G= (2‘1—n>(ﬂ1X1 + nyx2) (22)

Using the Bloch theorem and expanding the unknown fields u(r, t) in Fourier series with respect to the 2D reciprocal lattice
vectors (RLVs), we have as follows:

u(r, t) = Z ejk)q —jwt (eij1AGeik3X3) (23)
G

Here, k = (k1, k) is the Bloch wave vector, w is the frequency, k3 is the wave number of the partial waves along the x3-axis,
and Ag = (AL, Aé, Aé) is the amplitude vector of the partial waves. If the component of the wave vector k3 equals zero, the
above equation degenerates into the vector filed of a bulk elastic wave.

One can define either a generalized displacement field {u’(‘;1 , uéz, u’(‘f, @c}T, in which ¢ represents the electrical potential

or generalized stress vectors {aéﬂoé{of, D¢)T where D¢ represents the electrical displacement field. If one denotes
either of these vectors by U, then one may write
Up = {ug , ug, ug, ¢c)t
U = (6X 6% 6% DT (24)
2_{06 ,O'G ’OG 5 G}
Upon utilizing the Bloch theorem and expanding this generalized displacement or generalized stress vector, U(r, t), in Fourier
series, and expanding the system functions such as density and the associated physical properties tensor and substitute
both of them into the differential equations of motion in the absence of body forces, the generalized eigenvalue equation is
obtained:

®’RU = QU (25)

where R and Q are two different 4N x 4N matrices that are functions of k, G, G/, the material constants and the filling
fraction. This equation defines a generalized eigenvalue problem that can be solved for w? as a function of k to obtain the
band structure of the elastic waves where the electromechanical coupling effects without external charge are considered.

Since the density contrast of piezoelectric rods and air is large, the shear stress and transverse waves inside the rods
will not have significant contribution to the scattering of acoustic waves in the background, so the modified PWE method
is acceptable, and thus the acoustic wave pressure field rather than the displacement is used to get the corresponding band
gap for this system. In addition, the acoustic wave pressure field has Bloch form. Thus, the secular equation that gives
the dispersion relation between the frequency and the wave vector for the acoustic pressure field by applying the “Bloch
theorem” is:

—det[T' g, @] = det[a((6) — (€)) (M) + ©)) - () + (€)) — B((G) — (C'))w?] &@) =0 (26)

where (f() is the Bloch wave vector, w(k) is the frequency, and (G) is the reciprocal lattice vector. «(G) and B(G) are
determined from an inverse Fourier transform and are related to the material property in characteristic wave equation.

3.2. Impedance spectra of piezoelectric rod and performance evaluation of piezoelectric materials

An applied electric field causes an induced strain in the piezoelectric material (i.e. converse piezoelectric effect), so the
equivalent impedance of the piezoelectric rods will change along with the excitation frequency.

The electromechanical coupling effect coefficient in piezoelectric materials (an index for the energy conversion between
electrical energy and acoustic energy) and mechanical quality factor (an index for energy wastage in form of heat resulted
from internal friction when the PZT resonates) are key elements to evaluate the piezoelectric performance where the for-
mer is a function of series and parallel resonant frequencies that are calculated by using impedance spectra (ANSI/IEEE
STD 176-1987), and the latter depends on the piezoelectric volume fraction.

Since the PZT cross-section affects the thickness and lateral vibration mode, long and thin piezoelectric materials shall
be practically selected to limit the thickness vibration mode.

The thickness of the sensitive element shall be selected to ensure the center frequency of its coupled transducer.

The impedance spectrum of piezoelectric material is as follows:

t/i2m feszwl
Z(f)=
1— (k)2 (1 — B 20) (27)

(Ks)? = d3, /esssty
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Fig. 5. The impedance spectrum of lithium niobate, where length = 100 mm, width = 0.5 mm, and thickness = 0.1 mm [49].
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Using Mathematica®, the impedance spectrum of a piezoelectric rod was calculated (Fig. 5). Spikes in the spectrum indicate
the locations of resonances. The frequency where the impedance is at a minimum is considered a resonance, and the
frequency where a maximum occurs is considered anti-resonance. The lowest frequency spike is the fundamental resonance,
and the higher spikes are the harmonics that occur at odd multiples of the fundamental resonance.

The impedance spectrum of piezoelectric rod is an index for the practical selection of piezoelectric materials dimensions
where the electromechanical coupling coefficient and mechanical quality factor are considered simultaneously.

Based on the impedance spectrum of piezoelectric materials, the electromechanical coupling coefficient and the mechan-
ical quality factor are determined as follows, respectively:

T o -
EC.C.= —ﬁtan<— - M) (28)
2 fp 2 i)
where fs is the series resonant frequency and f, is the parallel resonant frequency.
f2
Qm : (29)

T 2nfilZICT(f2 - f3)

where |Z| and CT are the minimum resonant impedance and free capacitance, respectively. The electromechanical coupling
coefficient and the mechanical quality factor in terms of filling ratio are displayed in Figs. 6 and 7.

4. Numerical analysis

In this section, the numerical analysis of band-gap structures is presented to show the effect of piezoelectric rods or
inclusions on longitudinal, in-plane shear-wave and out-of-plane shear wave passbands. The acoustic wave velocities of the
selected piezoelectric, at certain wafers (because the acoustic wave velocity has directional dependency), are based on the
results of section 2. The geometrical characteristics of this type of metamaterials include lattice parameter, and inclusion
ratios were chosen in order to ensure the existence and bandwidth of the complete band gap at certain frequency regimes.
The filling fraction is based on the mechanical quality factor and the electromechanical coupling coefficient. While the
electromechanical coupling coefficient increases by PZT volume fraction, the mechanical quality factor decreases, and at
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range of 40% to 60%, the electromechanical coupling factor is stable, and the mechanical quality factor is slightly changed at
the same volume fraction, so volume fraction range was selected as 40% to 60%.

To study the effect of the lattice parameter on band gap width, the lattice parameter was chosen as the variable, and the
bandwidth variation was measured. The geometrical characteristics of this type of metamaterials include lattice parameter
and inclusion ratios (at the selected range based on electromechanical coupling coefficient and the mechanical quality factor
simultaneously) were chosen in order to ensure the existence and bandwidth of complete band gap at ultrasonic regime.

5. Fabrication method

Numerical analysis determines the technical specification of metamaterial, but the 3D printing method is suggested to
achieve the sufficient fabrication accuracy and customize the product based on the required tolerances. A 3D printer, using
the desired raw material, and the required blueprint, manufactures any desired object with the specifications and design of
our choice with high-definition functional prototypes, which verifies the validity of the process. The piezoelectric columns
are embedded in the honeycomb structure, which is made of resin and is constructed according to the method of 3D
printing. The ProJet® 3510 SD with the resin material VisiJet® M3 Crystal can be used. The resolution at 32 yum is suggested
and piezoelectric rods are inserted manually and combined by epoxy adhesion. The upper and bottom surfaces are to be
polished after curing, and then the gold was sputtered on the two faces of elements and the package will be shielded.

6. Analysis results and discussion

Fig. 8 represents the complete band gap using the “reduced wave vector over frequency” method for acoustic pressure
field and for all types of waves supported by rods (i.e. longitudinal, in-plane and out-of-plane wave) where it leads to a
dispersion relation for these types of mechanical metamaterial consisting of lithium niobate piezoelectric scatters embedded
in an air matrix. The geometrical parameter of phononic crystal and the dimension of piezoelectric rods are based on the
electromechanical coupling coefficient, and the mechanical quality factor and the impedance spectra were taken into account
(i.e. filling fraction 52%) for square lattice.

The blue line shows the location of a band gap based on the Brillouin zone. The acoustic wave velocity for piezoelectric
rods was calculated based on the modified Christoffel’s equation provided in Figs. 2 (a), (b), and (c) that incorporate the
electromechanical coupling effect and anisotropy. The acoustic wave velocity in the air was assumed to be 340 m/s and the
density for air was assumed to be 0.001225 g/cm>.

Since any propagated acoustic wave through the rods has three associated waves (i.e. longitudinal, in-plane wave, and
out-of-plane wave), and all these types of waves have full band gap in this frequency range (i.e. from 8 to 10 kHz), Fig. 8
shows that no type of acoustic wave in this range can propagate through this metacomposite.

Studying the reliability, the width of the band gap is investigated. As the broad band devices that work over a large
frequency domain have a commercial interest, Fig. 9 shows that the width of the band gap is changed by changing the
PZT volume fraction (i.e. the filling fraction). Using the filling fractions 0.64 and 0.52, the forbidden band was enlarged
from 8-10 kHz to 6.5-11 kHz. The crystal cut determines the properties of the crystal and affects the mode of vibration,
frequency stability, acoustic wave velocity, aging; other manufacturing parameters were selected based on the figure of
merit and the filling fraction. The filling fraction is based on the electromechanical coupling coefficient and the mechanical
quality factor simultaneously.

7. Conclusions
The acoustic wave velocity supported by piezoelectric rods was represented by using the modified Christoffel equation

to demonstrate the efficiency of the suggested metamaterial, especially in the ultrasonic regime. The electromechanical
coupling effect and anisotropy were taken into account in this equation.
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Longitudinal Dispersion Relation for Square Lattice of lithiounNiobate in Air substrate
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Fig. 8. Dispersion relations of a phononic crystal consisting of “Y-cut” wafers lithium niobate rods, embedded in an air background (filling fraction: 52%)
for a square lattice, where the blue line shows the location of a band gap, based on the Brillouin zone.
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Dispersion Relation for Square Lattice of lithiounNiobate in Air substrate
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Fig. 9. The dispersion relation of square lattice of “Y-cut” lithium niobate piezoelectric cylinders embedded in air with filling fractions of 0.64 and 0.52,
respectively.

Using the utilized modified PWEM in conjunction with “Bloch-Floquet” theorem, the acoustic wave equation with acous-
tic pressure field was applied rather than the displacement; the complete band gap was achieved by the contrast between
acoustic wave velocities at rods and inclusion. The acoustic wave velocity contrast between the rods and substrate, and the
density ratio between inclusion and host are critical for band gap range.

Using the impedance spectra of the piezoelectric rod and the electromechanical coupling coefficient and mechanical
quality factor in terms of PZT volume fraction, the filling factor was determined, and a stable and balanced point from both
factors’ points of view is necessary.

To demonstrate the efficiency of the full band gap for wafers of piezoelectric devices as well as for one type of geometry
and specific PZT volume fraction range, and every type of wave (i.e. longitudinal, in-plane wave and out-of-plane wave), the
full band gap are represented.

The proposed ultrasonic phononic crystal system showed the feasibility of using phononic crystal systems to mitigate
ultrasonic noise but at the expense of PZT volume fraction range and size. Despite of limitations in the range for increasing
the size, this type of meta-composite is a suitable candidate for elastic wave control, especially to mitigate industrial noise at
ultrasonic regime with reasonable size and complete band gap where they can also be used as omnidirectional acoustic wave
guides that are used for long distance communication in the infrasound satellite-based wireless communication industry, or
on-chip filters because in low-frequency ultrasonic regime, other technologies are too large for this type of application.

Because of the high contrast in all types of velocities (?:\—Oif A [45-73]) and mass density (% ~ 14), the corresponding

huge impedance (i.e. z; = pjc;) of the plane wave contrast (% A2 1043) between air and rods impedes the penetration of

acoustic wave inside the rods and, then, the effect of transversal waves can be fully disregarded, so the curves coincide in
this case.
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The omnidirectional property of this type of metamaterial that the forbidden band gap has no dependency on wave
direction is a key property for excellent performance over traditional one or metamaterials with partial band gap.

The dependency of the band-gap-to-lattice parameter and the filling fraction means that these metamaterials are tun-
able, and that tunability is controlled by lattice parameter and filling fraction variation, or that these metamaterials are
waveguides and have the selectivity of the frequency property.

When faster control is required, electro-optic modulators are good candidates. But, very high voltages are necessary,
whereas acousto-optic modulators are much faster and have low power consumption. So these piezoelectric-based acoustic
metamaterials are pioneers toward infrasound communication for long distances with low power consumption and faster
control.

Finally, since the plane wave expansion method, associated with the “Bloch-Floquet” theorem, relies on the Fourier
transform, the limitation of the Fourier transform is inherited; in other words, it does not include the location information
that consequently has difficulty in representing transient states, especially with large acoustic mismatch. In this case, a
wavelet-based method that has location and frequency is recommended.
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Appendix A

The wave equation is:

v [ ! Vp(f‘)] + o p®) =0 (30)
p(® pE)C(F)
where ¢(f) and p(F) are the sound speed and mass density respectively and are modulated by the periodic structures and
p(F) is the acoustic pressure field.
(It is possible to obtain a simpler set of the displacement equation by introducing the scalar and vector potentials such
that:

u=V®+4+V xH

The resolution of a vector field into the gradient of a scalar field and the curl of a zero-divergence vector is due to a
theorem by Helmholtz [50].

Since the plane of polarization is parallel to the cavity axis, it is recalled that SH waves do not undergo mode conversion,
then the resultant displacement and stress fields will be governed by a scalar potential (Eq. (31)).)

The wave equation can be rewritten using a scalar potential ®(r, t) in such a way that pa = V®(f,t) [51] where

1 %0
——=V-(p Vo 31
pct dt? (o ) (31)
means that ﬁ is the longitudinal elastic constant.
1
Since the acoustic pressure field has the Bloch form, so:
() = el -0t Z(pf((a)ei(é)-(f) (32)

(&)

Based on the Bloch theorem, the mass density and sound speed can be expanded by a discrete plane wave, also o(G) and
B(G) are determined from an inverse Fourier transform:

1 o E
— =) a(Ge@® (33)
p(r) S

1 . .
SHam PO =2 pELC0 (34)

©
By substituting the Bloch forms into the wave equation and the expanded wave equation into the initial wave equation, one
has:

> [e(©@ = (€))((0 + (@) - (do + (6) = B(G) — (6)) | gy &) = O (35)
©
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By a finite number of Fourier components (N), the dispersive relation is achieved [52,53].

> T %(C)=0 (36)
©)
—detlT' g, &)1 =det[a((©) — (€)) () + ©) - () + (6) - B(©) — (€)@*] &) &, =0 (37)

The acoustic wave velocities that rods can support are determined from a modified Christoffel equation.
Here, the system consists of piezoelectric rods that have density p;oq and fill fraction f, with a circular cross-section
embedded air background with density p,;;. Then:

P@ =pif+pz0=H=pT,  G=0 8)
P©) = (P — Pup )JFG =Ap~'F(G), G#0
F€) =AZ! / d2re~iG* (39)
Ac
and the structure factor for this type of system is defined in the PWEM as:
~ J1(Gro)
FG=2f— 40
G =2f Gro (40)
where Jq is the first-kind Bessel function of first order.
The square lattice configuration has a reciprocal lattice vector defined in the PWE method as:
~ 2n
G= <7>(H1X1 +nax2) (41)
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