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Abstract: A mono-channel waveguide with alternate hollow pillars of different radius to passively
select and reject particular frequencies for filtering applications are numerically simulated based
on the Finite Element Method (FEM). The waves are guided while the frequencies can be filtered
according to pillar inner radius as its waveguiding mechanism. The computations of dispersion
relation, transmission coefficient and stress displacement profile of the waveguides were carried out
to understand the propagation behaviour of elastic waves on the waveguide structure. The proposed
model shows a complete bandgap around 700 kHz, while its respective blocking phenomenon is
demonstrated using square-ring shapes. The introduction of defect lines in linear and L-Shaped form
enables a tailorable frequency shift within the bandgap region with optimized inner radius of hollow
pillar. The proposed model eliminates the need for a multi-channel filtering system with conventional
several separated lines thus reduces the dimension of filtering device.

Keywords: phononic crystal slab; elastic wave filtering

1. Introduction

For the past two decades, studies on the phononic crystal (PnC) consists of artificial
periodic arrangement of heterogeneous materials have motivate numerous researchers to
study its novel properties such as filtering, waveguiding and sensing [1-9]. Particularly,
since the first pioneering work by Liu et al., on 3-dimensional (3D) locally resonance mech-
anism [10], the study on the resonance unit cells for band gap (BnG) creation independent
of periodicity and geometrical symmetry was developed. Later, similar path works were
followed by Goffaux et al. [11] and Wang et al. [12] to demonstrate the similar mechanism
on 2-dimensional (2D) and 1-dimensional (1D) setup. The ability of local resonance PnC
to prohibit the propagation of incoming waves at a wavelength longer than crystal lattice
has demonstrate much advantages over the Bragg band gap particularly on low-frequency
regime [13,14]. Due to this aspect, a great deal of attention have been dedicated to pursue
the potential applications of the structure. Different selections of materials constituent,
topology of inclusion on the matrix background and crystal lattices have been thoroughly
investigated both theoretically and experimentally to maximize the width of band gap
opening [15-20].

In addition, the air void local resonance PnC with hollow structure embedded on the
solid matrix background have offers many benefits over the common structure of pillar PnC.
As a matter of fact, the hollow pillar shows whispering gallery modes (WGMs), in which
the foundation work can be traced back about 100 years ago to Rayleigh’s observation on
St. Paul’s Cathedral [21]. Since its discovery, researchers have immediately realised on
its potential of applications in other branches of physics including the propagation of the
seismic wave, electromagnetic waves and electric [22]. Recent studies showed that the
same concept is applicable for the case of PnC which demonstrate an extraordinarily high
factor, Q that can be enhanced with the addition of non-hollow cylinder layer in between
the hollow pillar and the substrate [23,24]. Other approaches can also be used, for instance
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Kaproulias adopted disk geometry while Li et al., studied an isolated tube immersed in a
liquid environment [25,26]. The tunability of its porous opening enables the adjustment of
its respective density, sound speed and other physical properties to further improve the
material acoustic performance. Most of recent studies on hollow-resonance pillars have
shown the ability of the structure to have higher selectivity on frequency transmittance in
the vicinity of surrounding non-hollow perfect crystal. Meanwhile, others have used the
void volume with filling materials where the frequency shift of transmitting wave can be
adjusted according to temperature switch [27-29]. With the filling material composed on
the PnC hollow structure, it can indirectly double the performance of the PnC device with
the ability to control both the mechanical and chemical properties of constituent material,
which poses greater advantages over the common non-hollow pillar structure [30].

One of the main advantages of the PnC void pillar structure is a waveguiding [31-33].
Most waveguides are developed by removing a series of inclusion to break a lattice pe-
riodicity of phononic crystal to allow the wave entrapment in the direction of the defect
path [34,35]. The symmetries breaking mechanism allows the existence of a transmitting
band in the vicinity of the band gap region that is uniquely tunable to the characteristics
of the waveguide opening. In addition, the insertion of multichannel waveguide corri-
dors separated with few rows of perfect PnC lattice to prohibit the interaction among the
waveguides lines, permits several passbands for possible demultiplexing application to
filter different frequencies. The method has resulted in a bulky size of filtering devices [36].
The novelty of the proposed void pillar as the waveguiding mechanism eliminates the
needs for multichannel for demultiplexing application and allows for a mono-corridor
approach to filter distinct frequencies subjected to hollow opening of pillars.

In this paper, mono-channel filtering frequencies for demultiplexing applications are
demonstrated based on hollow resonant pillars. The single defect channel consisting of dif-
ferent hollow radii can selectively filter different frequencies for demultiplexing purposes.
A careful selection of pillar’s void opening allows the transmission of subwavelength that
represent the waveguide mechanism. This can minimise the size of the filtering device with
the elimination of several rows of waveguide channels as normally practised. The paper
scenario is planned as follows: Section 1 describes in detail the based model which com-
prises pillar-based PnC slab with hollow waveguide mechanism. The simulation methods
used based on the finite elements methods to calculate the dispersion and transmission
coefficient of the proposed model are also explained through in this section. Section 2
presents the simulation result of the subwavelength guiding before the concluding remarks
in Section 3.

2. Model and Method of Simulations

The model we studied in the present paper is shown in Figure 1. The structure has
a square lattice of hollow resonant pillars among of non-hollow perfect crystals standing
on top of finite slab structure. Both the substrate and inclusion formed a monolithic unit
made of silicon material with cubic symmetry of crystallographic oriented in axis x, y and
z. The mass density, p is 2330 kgm_3, while the elastic constants Cj1, Cqp, and Cyy are
respectively equal to 166 GPa, 64 GPa and 79.6 GPa. The relevant dimensions of hollow
pillar radius, r;, high of pillar, 1y, pillar diameter, d and slab thickness, /1, were normalized
to 4 mm unit of lattice constant, a.

Figure 2 represents the supercell model for dispersion calculation. The bulk struc-
ture consists of 7 unit cells containing a defect in between the neighbouring solid pillars.
The dispersion of the proposed structure in X and Y directions was simulated numerically
using solid mechanics modules in COMSOL Multiphysics software.
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Figure 1. Phononic crystal with a square lattice of solid pillars on top of the plate structure. The void
pillars are the filtering mechanism of the structure.

Figure 2. Supercell to simulate dispersion band diagram.

According to the Floquet theorem, the boundary condition of the unit cell can be
formulated based on the following relationship:

ui(x +a-my,z) =ux, y,Z)e_l(aka)e_l(“kym) 1)

where k, is the wave vector in the x direction. Meanwhile, the propagation of elastic waves
where the harmonic motions are assumed to be time-dependent is given by:

i 2

b= —peuy @
where p represent the material density and the mechanical stresses Tj; depends on the
strain Sj,,;:

Tit = CikimSim 3)
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where Cjy;,, represents the elastic stiffness constants. The strain and displacement can be
link with the following relationship:

. 1 aui au]
Sij = 2<axj+axi> 4

the propagation of wave with no external force can be desscribed as follows:
[Kuu — wZMW] xu=0 (5)

where K,;;, and M, are respectively the stiffness and mass matrices while u serves as the
displacement vector at the mesh nodes. The formulation was used to solve the eigenvalue
problem that produced the eigenfrequency in the first Brillouin zone.

The transmission spectra to understand the propagation of waves within the defect
row of pillars can be solved using the FEM model in Figure 1 encompasses with perfectly
matched layer (PML) as absorbing domain. The PML allowed the incoming mechanical
wave to diminish gradually around the end boundary limit of the structure. With the PML
acting as the absorbing medium, the structure was assumed infinite since the source of
excitation do not interfer with the reflecting wave around the boundaries of the structure.
To solve this, from the equation, then

= —pw’u; (6)

where 7; is an artificial damping at position x; and is given by the following relation:

Yx(x) = 1_i‘7x(x—xl)2 ()

where x; is the coordinate at the beginning of PML and oy is fixed according to the level of
attenuation of PML space.

3. Result and Discussion

Before showing the result for hollow pillars as the mechanism of waveguiding, we
simulated the reference band gap of the PnC with solid, non-hollow unit pillars, r; = 0.
The dimension for pillar height, i, = 0.554, pillar diameter, d = 0.84a and slab thickness,
h = 0.1a produced three complete band gaps for perfect supercell structure. However
the focus of this present study was on the largest of the three between 680 to 880 kHz
where the respective dispersion curve and transmission spectra are shown in Figure 3.
In the aforementioned frequency band gap domain, no incoming wave is allowed to pass
through the perfect pillars that acts as the shielding region for the wave. The origin for the
emergence of PnC band gap were described in the previous work [37-39].
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Figure 3. Dispersion and transmission coefficient for the band gap.

To understand the nature of the result in Figure 3, a displacement study to illustrate
the attenuation phenomena of the incoming wave was simulated. A square ring model to
study the shielding effect of the band gap region with four rows of pillar units is presented
in Figure 4a. Guided waves were excited based on the orthogonal displacement at point
A (1 x 107 mm in the z-direction) with two incoming frequencies: 800 kHz within the
BnG and 880 kHz at a frequency above the BnG region. As can be noted in Figure 4b,
atband gap frequency 800 kHz, the waves were suppressed inside the area B and practically
created a vacuum area from any surface stress. The dark blue and yellow colours in the
diagram represent the minimum and maximum mechanical stress of the slab surface. With a
shift frequency to 880 kHz above the band gap, the waves can pass the phononic region
undisturbed and the vibration mode can be observed inside the ring-shaped. In summary,
a delimitation of incoming wave trespassing was successfully achieved by the PnC structure
owing to Bragg scattering at the wave within the BnG domain, confirming the numerically
simulated BnG in Figure 3.

Figure 4. (a) Square ring-shaped with 4 rows of solid cylinders to demonstrate the shielding phenom-
ena of complete band gap frequency. The red dot is a point for wave generation. Displacement field
simulated at (b) band gap frequency 800 kHz (c) 880 kHz at a frequency above band gap region.

To create the trespassing frequency within the band gap region for filtering application,
the inner-radius properties of the pillar were utilised to promote the frequencies divider by
introducing a proportionate waveguides defects in the perfect PnC structure. Two hollows
pillars with r; = 0.130a and 0.155a were considered with the aim to incite two separable
range filtering frequencies. Figure 5 summarises the evolution of two frequencies shift
corresponding to the previously mentioned r; 0.155a and 0.130a that do not exists in the
native PnC. The dispersion curve and transmission spectra indicate filtering frequencies
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Frequency, kHz

around 810 kHz and 880 kHz that uniquely represent the 0.155a and 0.130a waveguides.
Although these branches are dispersive due to the interaction with the Lamb wave on
the plate, they are the WGMs phenomena due to the hollow cylinders structure [24].
An immediate conclusion can be derived between the relationship of void opening with the
frequency shifts within the band gap. By tuning the #; from 0.130a to 0.1554, a frequency
move can be observed to a lower range. The limit size was limited equivalent to 0.130a
and 0.155a to avoid any possible interaction between the waveguide frequency with the
neighboring lamb wave frequency close to band gap lower and upper boundaries.
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Figure 5. (left) Dispersion curve and (right) transmission spectra for r; = 0.130a to 0.155a4.

To demonstrate the propagation behaviour of the two waveguides in Figure 5, a simu-
lated system was constructed consisting of both r; 0.130a and 0.155a on the same platform.
In Figure 6a, two void radii were inserted with green and blue marking colours intended
to distinguish r; = 0.155a (green) and 0.130a (blue) to initiate the transmission of waveg-
uide frequencies. The displacement field magnitude of the guided waves are plotted
in Figure 6b,c. The results demonstrate two importance observations. Firstly, the defect
channels responded specifically to the frequency attributed to the transmission result.
For instance, at frequency 810 kHz for r; = 0.1554, only the top channels (both linear and
L-shaped) have a notable stress intensity that shows the wave are well-confined within the
the defect route. Similarly, Figure 6c illustrates similar stress displacement when frequency
shift hit 800 kHz for r; = 0.130a4.
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Figure 6. (a) The demultiplexer system consists of two waveguides channels, W; = 0.155a (green) and
W, = 0.130a (blue) each with its own respective linear and L-shaped configuration (b) the computed
transmission coefficient for Wy = 0.1554 at 810 kHz and (c) W, = 0.130a at 880 kHz. The red line on
(b,c) indicate the excitation source of the model.
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To produce a compact multi filtering frequencies system, a similar void defects as
mentioned earlier were used to form a mono-channel defects consisting of the alternately
hollow radius with r; = 0.155a and 0.130a surrounded with solid cylinders. The proposed
system is illustrated in Figure 7a. Figure 7b shows a displacement profile for frequency
fo130 = 880 kHz and fj 155 = 800 kHz where the void cylinder shows alternate stress field
between the two radius 7; = 0.1554 and 0.130a that correspond to their pass frequencies.
The void cylinder can be used as a passive switch mechanism to reroute the filtering
frequencies to another direction. Since the mono-channel consists of dual propagating
frequencies within the same line, the frequencies can be singled-out to follow another path
of filtering lines. However, the confined waves suffer from a diminution of energy as the
wave approaches to the meeting end of the waveguide channel. Particularly for the case of
0.130a the linear channel shows significant loss of energy intensity on its straight channel.
Figure 7c shows a transmission spectra of structured model in Figure 7a as compared
to Figure 6a. A consistent transmission and elimination frequencies of propagation can
be observed between the two structures suggesting that a bulky 16 x 7 (as in Figure 6a)
filtering system can be reduced significantly into 7 x 7 unit cells model as illustrated in
Figure 7a. The system eliminates the need to construct a multi-channel lines with their
respective inter-solid cylinders to avoid interaction between void channel to filter several
wavelengths. This can reduce the size of the whole system into a smaller-scale dimensions.
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Figure 7. (a) Model for dual filtering frequencies with single channel, (b) displacement field for (left)
0.130a at frequency 886 kHz and (right) 0.1554 at frequency 800 kHz. The red arrow indicates the
incoming wave (c) comparison between transmission spectra for multiple channel system in Figure 6a
with mono-channel system in (a) for (left) r; = 0.130a and (right) r; = 0.1554. The pink region marks
the transmission region for both waveguides r; = 0.130a and 0.155a.
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4. Conclusions

In conclusion, this study has numerically simulated a mono-channel filtering sys-
tem consisting of dual pillars arranged alternately between two different hollow radii to
selectively filter different frequencies. The band gap, the attenuation and transmitting
waveguide frequencies with their respective stress field have been simulated based on the
finite element methods. The proposed models showed a complete band gap at 680 kHz
to 880 kHz and the two narrow passing frequencies f 130, fo.155 are respectively sensitive
to hollow radius assigned to their filtering frequency. The displacement behaviour of the
guiding line also shows that the propagating waves are well confined within the defect di-
rections at their transmitting frequencies. The splitting of frequencies from a single-channel
waveguides can also be achieved for the possible multiplexing application. The end sys-
tem can minimise the size of normal-practised filtering technique that consists of several
channels of waveguide lines to separate difference frequencies for an excellent candidate in
sensing and communication applications. In addition, a full potential of the system can be
further enhanced with filling elements inserted in the void volume such as liquid-based
constituents. The result in the investigation can open a possibility for many acoustic-based
applications like sensors, filters and resonators.
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