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ARTICLE INFO ABSTRACT

In this article, the bandgap of the two-dimensional phononic crystal with some holes in
a square plane was studied using the finite element method by the Comsol software.
The holes are made of both solids and liquids simultaneously in our phononic crystals
that are less studied so far. We examined the fixed lattice constant while the cavity
radius changes and vice versa. We found larger bandgap widths when the cavity was
Keywords made of nickel metal while the surrounding media is water. We observed that the
Phononic crystal system with higher sound speed possesses a more significant band gap. At higher
Bandgap temperatures, we will have a higher sound speed, and thus, a higher bandgap width. We
Lattice constant have a smaller bandgap when the holes are covered by metal. The main aim of the
manuscript was to find an optimum structure that has a phononic crystal with largest
passible phononic band gap for filtering property applications. In this way, we have
considered the effect of different parameters such as lattice constant, composing
materials, phononic crystal geometry, and temperature on the phononic bandgap width.
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which occur due to the Bragg scattering when the
wavelength is comparable to the lattice constants. This,
also leads to creation of the frequency bands at which

1 Introduction

In the last decade, studying the phononic crystals has

grown exponentially [1-2]. For an excellent review one
may see [43]. These; structures are periodic composite
materials similar to elastic and acoustic photonic
crystals [3-4]. This growing interest is driven not only
by potential applications such as novel acoustic devices,
but also by the rich physics governing the propagation
of elastic and acoustic waves in the periodic media [5-
7]. In; addition, ultrasonic and acoustic techniques,
along with powerful theoretical approaches, can provide
unique advantages for the direct investigation of wave
phenomena in these systems. So; far, most of the studies
have focused on the existence of phononic bandgaps,
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wave propagation is prohibited [1, 5, 8-9]. In Refs.
[35,36], the theoretical and experimental studies on the
use of phonon crystal plates are considered. In the band
structure of one and two-dimensional crystal phonon
structures, the band gap is sensitive to the thickness
between the plane and the lattice constant [37].
Recently; phononic crystals have entered the world of
micro-electromechanical systems (MEMS) thanks to
their ability to manipulate the propagation of elastic
waves [38] .The phononic crystal has attracted much
attention because the size of the phononic crystal is
larger than the photonic crystal due to the relation
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between the wavelength of sound and light [39]. The
Phononic crystals provide unique band structures for
propagating sound waves [40].

The acoustic crystals are used in elastic waveguide
transducers to control their beam patterns [41]. The
Phononic crystals are sound metamaterials that are
designed to manipulate sound when its wavelength is in
the order of the constant magnitude of the crystal lattice
[42]. The dispersion properties of acoustic crystals can
be used to manipulate the acoustic impedance of a
material and to engineer the delay frequency response
of time domain signal processing circuits. [30].

Understanding how sizeable full band gaps can be
achieved in physically realizable materials
describing the wave propagation mechanism at gap
frequencies have significantly progressed [9]. However,
relatively little attention has been paid to investigating
how periodicity affects wave propagation over a wide

and

range of frequencies outside the band gaps. At; low
frequencies, a continuous approximation can accurately
predict the motion velocities. In this frequency range,
the low-frequency phonons properties in common
atomic crystals have been systematically studied [10].
Recently; low-frequency two-dimensional acoustic
crystal devices have been developed for airborne sound
[6] and analyzed theoretically [11].

The first complete phononic band was demonstrated in
[12-13]. Since then, much progress has been made in
the theoretical analysis and representation of acoustic
crystals [14-15] and acoustic crystal-based devices such
as waveguides; [16-18], filters [19-20], and acoustic
resonance [21]. Until recently, the physical realization
of acoustic crystals are largely limited to the manual
assembly of balls or rods in water, epoxy, or air. [22-
23]. In 2005, Liu et al. investigated the frequency band
structure in a two-dimensional phononic crystal
consisting of a six-species (hexagonal) lattice including
steel cylinders in an aired substrate [24]. In 2006, Eswar
et al. showed the inversion of the ferroelectric domain
on z-cut LiNbO using electron beam irradiation. They
obtained the inversion of the domains by obtaining the
thickness of the two-dimensional blue phonon holes in
the +z and -z direction, and the presence of the acoustic
band gap in about 200 MHz [25].

In 2008, Xiao Zhu and Chuanzeng Zhang, using the
wave equation, proved that the material parameters
directly determine the acoustic band gaps. They used
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the plane wave expansion method to calculate the band
gaps. Their results show that the maximum band gap is
related to the mass density ratio [26]. In 2009, Profanser
et al. experimentally and numerically investigated the
interaction between ultra-high frequency sound waves
with periodic microstructures composed of copper lines
embedded in silicon oxide and two-dimensional
acoustic crystals consisting of air-filled holes.
Experimental results obtained with ultrashort pulsed
optical excitation and interferometric detection are
compared with time-domain finite-element simulations.
A good agreement between the simulation and the
experiment was obtained. [27] In 2010, Mohammadi et
al. stated that the phononic crystals with periodic
changes in their elastic properties, if properly designed,
can exhibit a frequency range in which the propagation
of elastic waves is wholly prohibited. In this frequency
range, the elastic energy of the crystal phonon structure
can be limited and manipulated [28]. In; 2011, Zhao et
al. used lattice configurations to create different band
gap effects and calculated the phononic crystal band
structures of square lattice and honeycomb steel rods in
water by the wave plane expansion method [29].

Kim and Rakich (2013) studied the scattering
properties of phononic crystals formed from thin
suspended aluminum nitride plates that could be used to
manipulate the acoustic impedance of a material and
engineer the delay-frequency response of the time-
domain signal processing circuits [30].

Ya et al. (2015) used phononic crystals to trap acoustic
energy and reduce the anchor loss of AT- cut quartz
resonators. The resonant response of an AT-cut quartz
resonator without an acoustic crystal was first
calculated. A square-lattice phononic crystal plate,
made of an AT-cut quartz plate with air holes, was
analyzed and designed to have a complete bandgap
covering the resonant frequency of the quartz resonator.
Finally, the mode shape and impedance of the quartz
resonator with three rows of phononic crystals were
calculated to evaluate the isolation performance of the
acoustic crystals [31]. In 2017, Deng and Jing
investigated a flowless quasi-spin- based acoustic
topological insulator. Region folding, a strategy
originating from photonic crystals, is used to form
double Dirac cones in phononic crystals. The symmetry
of the phononic crystal lattice is broken by adjusting the
size of the center "atom" of the unit cell to open a
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negligible topological gap. The one-way propagation of
strong sound is shown numerically. This provides a
flexible approach for realizing the topological acoustic
insulators that are promising for applications such as
noise control and waveguide design [32]. In 2018,
Sediqgi and Joshua presented an aluminum nitrate-on-
silicon waveguide; with a wide acoustic bandgap
phononic crystal which increases the quality factor by
four times [33]. In 2019, Bao et al. investigated the
conventional approaches to phononic crystals. They
presented new structures using a reflection strategy
based on integrated phononic crystal, which reduced the
anchor loss and improved the quality factor. These
structures suit for up to frequency of 10 MHz MEMS
resonators [34].

In the current work, the band structure of the two-
dimensional phononic crystal of circular holes inside
the square plane has been investigated for different
materials of solids and liquids. The aim is to find a
larger bandgap width for each material.

2 Solution method

In the powerful Comsol multiphysics software, we used

the acoustic module. The aim was to obtain the band
structure for the desired geometry with different
materials. The cavity is made of magnesium, nickel, and
aluminum with the speeds of sound 5770, 3000 and
6410 while the temperature was 293.15 Kelvin. Water
is considered at different conditions with the speed of
sound 1500.99 and temperature 308.15, the speed of
sound 1522.26 and the temperature 313.15, the speed of
sound of 1534.69 and the temperature of 318.15. The
sound speed of 1563.40, and temperature of 298.15 for
hexane; and the speed of sound of 1089.85 and the
temperature of 298.15 for heptane are used. We did not
include other parameters in the software.

First, we consider infinite arrays of holes in a square
plane containing solid and liquid materials (the holes
are once made of liquids and once made of solids). Their
band structure is calculated using the finite element
method, which is developed in the framework of
Comsol software. Calculations are done using the finite
element method. The basis of work in this method is to
simplify the equations to ordinary differential
equations, which are solved by numerical methods such
as Euler schema. In the calculations using the Comsol
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software, in the finite element framework in the first
Brillouin zone, eigenfrequencies are obtained using the
acoustic module. By choosing the sound speed related
to the material inside the cavity, making periodic
squares containing the cavities and choosing the
appropriate mesh size, the band are
calculated.

structures

A; phononic crystal in a 2D square array of the unit
cell is used as the basis for the calculations.
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Figure 1. Phonon crystal unit cell.

According to the Floquet-Bloch theorem, the pressure
distribution relationship p for the nodes located on the
boundary of the unit cell can be expressed as

p(X +a; + az) = p(x) exp[i(kyay + kya,)]
where the position of the x vector in the unit cell k=
(kx. ky) is the Bloch wave vector.

First, we apply Neumann boundary conditions. This is
required on boundaries where the pressure p is
controlled by a periodic boundary condition. A phase
relation is then used at the unit boundary to define the
boundary conditions between adjacent units. This phase
relationship is related to the wave number of the
incident wave in the periodic structure. The regular
boundary conditions shorten the 2D simulation
plane in the x and y directions by reducing the
system to a unit cell. An ideal crystal is infinitely
periodic, so the regular boundary condition ensures
that the finite simulation space of a finite crystal is
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infinite in the x direction and pattern. Pressure
components at all edges of the computational domain
are transferred to opposite edges of the field by periodic
boundary conditions.

In the first case, we used the nickel metal inside the
hole and the water around the hole. Then, we increased
the lattice constant from 13 mm to 24 mm and
calculated the width of the bandgap. The results are
shown in Fig. 2. When the hole radius is fixed at 6.5
mm, as the phononic crystal lattice constant increases,
for the case that the hole is made of nickel metal while
surrounded by water, the gap size is smaller. Then by
filling the cavity with the solids such as silica, the width
of the bandgap becomes greater. We note that the sound
speed is also higher in silica. Thus, it has a direct
relationship with the bandgap width.

Width bandgap

Figure 2. Bandgap width of phononic crystal as a function of the
lattice constant from 13 to 24 mm. Inside; the cavity is made of
nickel metal that surrounded by water with a cavity radius of 6.5
mm.

The sound pressure when the lattice constant increases

are illustrated in Fig. 3. The radius of the cavity is 6.5
mm, and the hole is made of nickel metal which is
surrounded by water. Figure 3c is related to the grid
constant of 15 mm. This could be due to the numerical
uncertainty that is unavoidable.
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Figure 3. (a): The sound pressure when the cavity is made of nickel
metal and surrounded by water with a cavity radius of 6.5 mm and
the lattice constant of 13.70 mm. Panels (b) to (i) are the same as the
panel (a) but for lattice constants 14.45, 15.00, 16.00, 17.55, 19.30,
20.90, 22.00, and 23.00 mm, respectively.

The frequency range is 100 to 300 kHz. The maximum
gap width occurs for a lattice constant of 15 mm. Then,
we filled the holes with some liquids at room
temperature while the circumference was made from
nickel metal with a diameter of 6.5 mm. According to
Fig. 4, the bandgap width is proportional to the sound
speed. The higher the sound speed, the greater the gap
width. The sound speeds are arranged as Cyexgne <
Cheptane < Chzo- According to Fig. 4, the gap width is
higher when we use water [36].
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Figure 4. The bandgap width when filling the cavity with some
liquids. The holes are immersed in the nickel metal matrix. The
cavity radius is 6.5 mm, and the lattice constant is 15 mm.

The sound pressure when the cavity liquid changes
while the holes are immersed in nickel metal is shown
in Fig. 5.
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Figure 5. (a): The sound pressure inside the cavity is filled with
water while around the holes is made of nickel metal. The cavity
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radius is 6.5 mm and the lattice constant is 15 mm. In panels (b) and
(c), the holes are filled with heptane and hexane, respectively.

The frequency range is from 10 kHz to 20 kHz. From
the sound pressure contour plots, we see that, when the
cavity is made of water, more sound is propagated
throughout the structure in the mentioned frequency
ranges. Then we filled the holes with some solids at
room temperature. The circumference is made of nickel
metal. The hole radius is 6.5 mm. Figure 6 shows the
bandgap width for the mentioned solids. The; maximum
bandgap width is also due to the silica [37].
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Figure 6. The bandgap width when the hole is made of some solids.
The circumference is made of nickel metal, and the hole's radius is
6.5 mm. The lattice constant is 15 mm.

The sound pressure for some solids in the cavity while
the surrounding matrix is the nickel metal is presented
in Fig. 7.
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Figure 7. (a): The sound pressure when the cavity is made of silica
with surrounding nickel metal. The; hole’s radius is 6.5 mm, and the
lattice constant is 15 mm. Panels (b) and (c) are the same as panel
(a), but the cavity is made of aluminum and polyethylene,

respectively.
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When the hole is made of water, and the holes are
surrounded by nickel metal, the bandgap width as a
function of the radius of the hole is shown in Fig. 8.
Different temperatures are compared here. There is no

gap at the lower radii. As the temperature increases, the
transverse sound speed in water also increases, and we

have a larger bandgap.
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Figure 8. The bandgap width as a function of the cavity radius for
different temperatures when the cavity is filled with water, and

surrounded by nickel metal.
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Figure 9. (a): The sound pressure when the cavity is filled with
water and the surrounding media is made of nickel metal while the
radius is 4.5 mm and the temperature is 303.15 K. Panels (b) to (f)
are the same as panel (a) but for hole radiuses 5, 5.5, 6, 6.5, and 7
mm, respectively.
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Figure 10. (g): The sound pressure when the cavity is made of water
with surrounding nickel metal. The hole radius is 4.5 mm, and the
temperature is 308.15 K. Panel (h) is the same as panel (g), but the
radius of the hole is 5, 5.5, 6, 6.5, and 7 mm, respectively.

795

401 aces © 0008 601 ems 0e2 00 083 00

(b1)

L I T T

Rl

(d1)

W6 IS e Wb 6 wee re

W e s

DR T T T T Ty

(el) (fD)

Figure 11. (al): The sound pressure when the cavity is made of
water with surrounding nickel metal. The hole radius is 4.5 mm, and
the temperature is 313.15 K. Panel (bl) are the same as panel (f1)
but the radius of the hole is 5, 5.5, 6, 6.5, and 7 mm, respectively.
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Figure 12. (a2): The sound pressure when the cavity is made of
water with surrounding nickel metal while the hole radius is 4.5 mm
and the temperature is 318.15 K. Panels (b2) is the same as panel;
(f2), but for the radius of the hole 5, 5.5, 6, 6.5, and 7 mm,
respectively.
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Figure 13. (a3): The sound pressure when the cavity is made of
water with surrounding nickel metal while the hole radius is 4.5 mm
and the temperature is 323.15 K. Panels (b3) are the same as panel;
(f3) but the radius of the hole 5, 5.5, 6, 6.5, and 7 mm, respectively.

According to the sound pressure contour plots for water

at different temperatures, when the radius of the hole
increases, it is evident that at the temperature of 323.15
K, the sound propagation depends on the hole radius. At
higher radii, more sound is trapped inside the structure,
and the gap width is more considerable.

The gap width when the hole radius increases for
different materials and the lattice constant of 15 mm is
shown if Fig. 14. According to this figure, when the hole
is made of the nickel metal that is surrounded by water,
for a larger hole radius, an array of holes in the lattice
constant of 15 mm are closer to each other.
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Figure 14. The bandgap width as a function of the hole radius when
the cavity is made of nickel metal that is surrounded by the water,
the cavity is made of aluminum metal that is surrounded by nickel
metal, the hole is made of the water that is surrounded by nickel
metal, and the hole is made of the magnesium that is surrounded by
the nickel metal.
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Figure 15. (a): The sound pressure when the cavity is made of nickel
metal that is surrounded by the water with a cavity radius of 3.5 mm
and a lattice constant of 15 mm. Panels (b) to (h) are the same as
panel (a) but for the hole’s radiuses 4, 4.5, 5, .55, 6, 6.5, and 7 mm,
respectively. (i): The acoustic pressure when the cavity is made of
aluminum metal surrounded by the nickel metal with a cavity radius
of 5.5 mm and a lattice constant of 15 mm. Panel (j) to (1) are the
same as panel (i), but for the hole’s radiuses 6, 6.5, and 7 mm,
respectively. (m): the sound pressure when the cavity is made of the
water that is surrounded by the nickel metal with a cavity radius of
5.5 mm and a lattice constant of 15 mm. Panel (n) to (p) are the same
as the panel; (m) but for the hole’s radiuses 6, 6.5, and 7 mm,
respectively. (q): the acoustic pressure when the cavity is made of
magnesium that is surrounded by nickel metal with a cavity radius
of 5.5 mm and a lattice constant of 15 mm. Panel (r) to (t) are the
same as panel (q), but for the hole’s radiuses 6, 6.5, and 7 mm,
respectively.

For more illustration purposes, the band structures of
systems with different lattice constants are shown in
Fig. 16.
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Figure 16. Band structures of systems with different lattice
constants.

3 Discussion and conclusions

The phononic crystal with lattice constants in the range
of 14-15 mm has maximum bandgap width when the
cavity is made of nickel metal and is surrounded by
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water. We filled the holes with different solids and
liquids. We observed that the system with higher sound
speed possesses a more significant band gap. Then we
examined the cavity of water at different temperatures.
At higher temperatures, we will have a higher sound
speed, and thus, a higher bandgap width. When the
lattice constant is 15 mm, and the cavity is made of
nickel metal before surrounded by water, we have a
larger bandgap. However, we have a smaller bandgap
when the holes are covered by metal.
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