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Abstract A local resonant phononic crystal is proposed. The phononic crystal can
control vibration and noise effectively. It also can control the frequency range. We
can obtain elastic wave dissipation in a wide frequency range. The band structure and
transmission characteristics are calculated by the finite element software COMSOL
Multiphysics. Through the results, the vibration modes at the initial frequency, cut-
off frequency and other typical frequencies are analyzed. So we can elaborate the
mechanism of the band gap. The opening of the band gap is the result of the coupling
between the long wave traveling wave in the matrix and the resonant characteristics
of the oscillator. The band gap frequency range of the phononic crystal structure is
268.7 ~ 1097.9 Hz. The factors affecting the band gap of the phononic crystal were
studied. The result show: The density of materials and the geometric parameters of
phononic crystals will affect the band gap. The density of scatterers mainly affects
the initial frequency. The density of the matrix only affects the cut-off frequency.
The geometric size has an effect on the starting frequency and cut-off frequency.
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1 Introduction

With the improvement of China’s international competitiveness, the manufacturing
industry has made great contributions. China takes “Made in China 2025”as the
national action program. With the development of manufacturing industry, the
problem of vibration and noise has become an unavoidable problem perplexing
the development of the industry [1, 2]. Vibration poses a great challenge to the
accuracy requirements of manufacturing industry. Noise affects people’s life and
workers’ operating environment. These two problems have become important issues
that designers must consider in the process of product development [3-5].
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Artificial periodic structure is a new structure found to effectively control this
problem in recent years. Phononic crystal is a typical representative. It can be used
to control the propagation of elastic waves. In national defense, national economy and
daily life, acoustic metamaterials based on phononic crystals have important potential
applications in the fields of vibration and noise reduction [6-9]. Phononic crystal is
a new physical concept in the field of condensed matter physics. It is a composite
material or structure with elastic wave band gap characteristics composed of two or
more media. Phononic crystal can be regarded as the extension of the concept of
crystal in solid physics in the sense of elastic wave. Its important characteristic is its
attenuation domain. The research of phononic crystal can learn from the research of
elastic dynamics and solid physics.

Phononic crystals are periodic composites or structures with elastic band gap char-
acteristics. Phononic crystal is a new artificial periodic structure. Although human
beings have studied the propagation characteristics of elastic waves in layered peri-
odic media for about 80 years, the concept of phononic crystal and the related theory
of phononic crystal have only been studied for more than 20 years [10—12]. In 1993,
M.S. Kushwaha and others clearly put forward the concept of phononic crystal for the
first time when studying nickel/aluminum two-dimensional solid periodic composite
medium. At the same time, they also clearly and firstly put forward that the band
gap characteristics of phononic crystals have application prospects in high-precision
vibration free environment [13, 14]. In 2000, Liu studied the three-dimensional three-
component phononic crystal formed by a simple cubic lattice structure composed of
shot put coated with viscoelastic soft material and buried in epoxy resin [15-18]. He
found that the wavelength corresponding to the band gap frequency of the phononic
crystal was much larger than the lattice size. Therefore, he proposed the local reso-
nance band gap mechanism of phononic crystal, which marked a major breakthrough
in the research of phononic crystal. The band gap of local resonant phononic crystal is
caused by the resonance of local oscillator [19-21]. In 2001, Vasseur et al. designed
two-dimensional solid phononic crystals using steel and epoxy resin. The existence
of complete band gaps of elastic wave, shear wave and longitudinal wave is found
and formalized. Before that, the band gap frequency of elastic wave is generally
in the same order of magnitude as the corresponding wavelength size. The forma-
tion mechanism of this band gap is called Bragg scattering mechanism. However,
phononic crystals based on Bragg scattering mechanism are sensitive to the size of
materials. In order to obtain low-frequency band gap, it is necessary to design large
macro size, which is not conducive to practical application. The proposal of local
resonance mechanism is a major theoretical breakthrough in the study of phononic
crystals [22-25]. On this basis, new concepts such as acoustic black hole, acoustic
cloak and acoustic metamaterial are proposed [26].

Phononic crystals are further studied in this paper. A traditional local resonant
phononic crystal is proposed. The vibration modes are carefully analyzed, including
whether each mode produces band gap and the mechanism of band gap. The factors
affecting the band gap start frequency and cut-off frequency are deeply studied.
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2 Structural Model and Calculation Method

A two-dimensional three component phononic crystal with local resonance is
designed. A two-dimensional three component phononic crystal with local reso-
nance is designed. The structure is shown in Fig. 1a.The structure is wrapped by a
large mass circular vibrator a with a coating B and embedded into the matrix C. No
material is filled between the cladding layers B to form a cavity. The vibrator A is
made of lead with high density, the coating B is made of silicone rubber with good
elasticity, and the matrix C is made of epoxy resin. The detailed geometric parameters
of the phononic crystal structure are shown in Table 1. and the material parameters
are shown in Table 2. The control group is also set up, as shown in Fig. 1b. The energy
band structure is compared by changing the coating position without changing other
parameters.

The research on the mechanism and characteristics of phononic crystal band
gap depends on the corresponding calculation methods. In this paper, the band gap
is calculated by finite element method, and the finite element software COMSOL
Multiphysics is used for analysis and calculation.

The propagation equation of elastic wave in structure is
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Fig. 1 Phononic crystal model (a) (b) and the first Brillouin zone (c)
Table 1 Structural parameters
a b [¢ d r mm
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Table 2 Material parameters Material pke /m3) E(1l OIOPa) v
Lead 11,600 4.08e-10 0.369
Silicon rubber 1300 1.175e-5 0.469
Epoxy resin 1180 0.435 0.368
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Fig. 2 The band gap diagram and transmission characteristic curve of Phonon Crystal
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p is density, u; is the displacement, t is the time, Cjjy; is the elastic constant, x; (j =
1, 2, 3) represents the coordinate variables x, y and z respectively.

According to Bloch’s theorem, the displacement of the outer boundary of a single
cell satisfies
i(kr)

ug (r) 2)

u(r)y=e

r = (x, y, z) is position vector, k is the wave vector of the first irreducible Brillouin
region, uy (r) is the node displacement field function with the same periodicity as the
cell structure.

In the finite element software COMSOL Multiphysics, the boundary of the non
Brillouin region M-I"-X-M of the single cell structure of phononic crystals is scanned
by using the solid mechanics module, as shown in Fig. 1c.It is solved to obtain the
characteristic frequency, energy band structure and vibration mode diagram, as shown
in Fig. 2.

3 Equivalent Simplified Model

The phononic crystal is a typical two-dimensional three component phononic crystal.
In principle, it can be simplified into a relatively simple one-dimensional spring
oscillator structure. The matrix is simplified as a thin straight beam with uniform
mass. The scatterer is simplified as a mass block with fixed mass. The cladding is
simplified as a spring with a certain elastic coefficient, as shown in Fig. 3.However, in
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Fig. 3 Equivalent simplified model of local resonance band gap in phononic crystals

different modes, they represent different equivalent masses and elements, which also
explains the reason why the band gap and modes of phononic crystals in the control
group are different from those in the original group. For example, in the mode (d) of
Fig. 4, the vibrator moves up and down. The upper and lower cladding layers vibrate
up and down with the vibrator. At this time, it can be considered that the tension and
compression of the upper and lower cladding layers play a major role. The cladding
of these two parts can only be equivalent to the equivalent stiffness of the spring, and
the mass of the cladding can not be ignored. According to the modal diagram, the
mass of the cladding of the left and right parts can be distributed to the matrix, and
the mass of the cladding translating up and down with the vibrator can be distributed
to the vibrator. In Fig. 4c, the vibrator makes a translational movement to the right,
and the left and right cladding layers are obviously stretched and compressed. These
two parts are equivalent to the stiffness of the spring. In the vibration, according to
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Fig. 4 Mode shapes of the key points at the upper and lower boundary of the band gap of the
phononic crystal a A-point mode; b B-point mode; ¢ C-point mode; d D-point mode; e E-point
mode; f F-point mode
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the values of the modal diagram, the four parts of the cladding are translating with
the translation of the vibrator. Therefore, the mass of the four parts of the cladding
can be distributed to the mass of the vibrator.

The initial frequency of the band gap is due to the overall translational motion of
the oscillator. The vibration phases of adjacent oscillators are opposite. The cladding
layer is stretched and compressed with the translation of the vibrator. The whole
phononic crystal system reaches a dynamic equilibrium state. At the cut-off frequency
of the band gap, under the elastic connection of the coating, the oscillator and the
substrate form anti phase resonance. The vibration phase of all cells in phononic
crystal is the same and reaches dynamic equilibrium. The starting frequency and
cut-off frequency of the simplified model are
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4 Analysis of Band Gap Characteristics and Band Gap
Formation Mechanism of Phononic Crystals

Figure 3 shows the energy band structure. It can be seen from the figure that the band
gap of the phononic crystal shows strong asymmetry. There is a sharp attenuation
peak at the resonant frequency of the oscillator. The phononic crystal belongs to
local resonance type. There is a wide full band gap. The frequency range is 268.7 ~
1097.9 Hz. The center frequency is 683.3 Hz. The relative bandgap width is 121.4%
(relative bandgap width = actual bandgap width/bandgap center frequency) [27,
28].The control group also produced a complete band gap. The frequency range is
125 ~ 498.5 Hz. The center frequency is 311.75 Hz. The relative band gap width
is 119.8%.Compared with the control group, the upper and lower boundaries of the
band gap in the original group decreased. Although the band gap is relatively low
frequency, the actual band gap width decreases more. This is because the coating area
of the coating layer and the vibrator decreases, and the change of the position leads
to the change of the vibration mode. The parameters of the corresponding equivalent
simplified model will also change at the characteristic frequency, resulting in the
change of band gap. The original group has a wider range of applications because of
its low frequency and large band gap. This paper focuses on the characteristics and
impression factors of primitive phononic crystals.

In this paper, the vibration modal diagrams of six points of A, B, C, D, E and
F in the first non Brillouin region are selected for analysis, as shown in Fig. 4. C
is the starting frequency of the full band gap. Analyze the modal diagram of point
C: the outer boundary matrix basically remains unchanged. The vibrator moves in
translation, and the coating produces tensile and compressive deformation. At this
point, the vibration resultant force generated by the vibrator as a scatterer is coupled
with the long wave traveling wave in the matrix, resulting in a band gap. Point D
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is the cut-off point of the band gap. The corresponding frequency is 1097.9 Hz.
Analyze the vibration mode diagram of point D: the vibrator of point D basically has
no displacement. The outer boundary box of the matrix moves in translation. The
cladding layer then undergoes tensile and compressive elastic deformation. The long
wave traveling wave of the matrix causes the vibration displacement of the matrix.
The scatterer has no motion. It is not coupled with the long wave traveling wave in
the matrix. So the band gap is cut off. Point F is the lower boundary of the directional
band gap of the flat band part. Analyze the vibration mode diagram of point F: it can
be seen that the cladding moves in translation. There is little change in the vibrator
and matrix frame. There is no mutual coupling of waves. Therefore, the band gap
is cut off. At point A, the matrix frame, cladding and vibrator move in translation
under the action of elastic wave, without wave coupling, so there is no band gap. At
point B, the vibrator has torsional motion. In this mode, the vibrator only produces
torque on the base frame. There is no effect of plane internal force. The long wave
traveling wave in the matrix is difficult to couple with the oscillator, so there is no
band gap. The outer frame of the matrix at point E has a small translational motion.
The vibrator hardly moves. The coating layer has a large translational movement and
extrusion deformation with the vibrator and the matrix frame. Therefore, it is difficult
to couple the long wave traveling wave in the oscillator and the matrix frame, and
there is no band gap. From the above modal diagram analysis, it can be seen that the
main reason for opening the band gap of the local resonant phononic crystal is the
result of the coupling between the translational motion of the oscillator and the long
wave traveling wave in the matrix frame. The existence of the coupling is the key
factor to determine whether the band gap can be generated.

The above band gap diagram and analysis of phononic crystals are based on the
ideal case. The calculation results are obtained under the assumption of infinite peri-
odic structure. Some of the smaller attenuation will increase cumulatively due to the
increase of periodic structure. But in reality, there is no infinite period. The band gap
can not be directly used as the physical properties of materials in applications. In prac-
tical application, the finite periodic structure and the transmission loss of elastic wave
have more practical significance. Figure 5 is a periodic arrangement of 10 phononic
crystals along the X direction. The finite element simulation calculation is carried
out by COMSOL Multiphysics software. The transmission loss diagram is obtained.
According to the band gap characteristics of phononic crystals, the transmission
loss should be positive. The magnitude of the absolute value indicates the degree of
attenuation. It is basically consistent with the energy band structure. The negative
peak analysis in the middle produces resonance because the natural frequency of the
material is consistent with the transmission frequency. Other frequencies are not in
the band gap range, so the transmission loss is very small.

oooPML

Fig. 5 Calculating the finite
periodic structure of
transmission spectrum
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5 Influencing Factors of Band Gap

The density of materials and the geometric size of structure are the key factors
affecting the band gap of phononic crystals. In this paper, the effects of mate-
rial density and phononic crystal geometry on phononic crystal band gap will be
investigated.

Several simulations are carried out without changing the geometry and size of
phononic crystals. A density variation diagram as shown in Fig. 6 is obtained. From
Fig. 6a, we can see that due to the increase of scatterer density, the upper boundary
of the band gap decreases slightly at the beginning, and then tends to be flat and
slightly changed. The lower boundary of the band gap decreases gradually with the
increase of scatterer density, and the band gap width widens gradually and moves
to low frequency. This shows that the density of the scatterer mainly affects the
initial frequency of the band gap and has little effect on the cut-off frequency. This is
consistent with the equivalent simplified model of the phononic crystal. The particle
at the initial frequency of the band gap resonates under the action of the spring.
The resonant frequency is determined by the resonant frequency of the translational
motion of the local oscillator. The greater the density and mass of the vibrator, the
less the stiffness of the spring. And the rate at which the vibrator mass m increases
is greater than the rate at which the spring stiffness K decreases, so the resonant
frequency decreases. Therefore, by increasing the density of the oscillator, the starting
frequency of the band gap moves to the low frequency.

The density of the substrate mainly affects the cut-off frequency of phononic
crystals. Figure 6b shows that the upper boundary of the band gap moves rapidly
downward as the substrate density increases. The lower boundary does not change,
and the band gap width decreases gradually. This shows that the density of the matrix
directly affects the band gap cut-off frequency of phononic crystals, and has little
effect on the initial frequency.

When considering the influence of geometric size on the band gap of phononic
crystals, the lattice size a remains unchanged, that is, the size of the matrix frame
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Fig. 6 Effect of material parameters on band gap
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Fig. 7 The influence of the change of geometry on the band gap

remains unchanged. First, change the radius of the scatterer. The frequency variation
diagram of the upper and lower boundaries of the band gap is obtained, as shown in
Fig. 7a. It can be seen that in the process of increasing the radius of the scatterer, the
lower boundary of the band gap first decreases slightly and then increases steadily.
And the change is not great relative to the upper boundary. The upper boundary
of the band gap increases with the increase of the radius of the scatterer, and the
change rate is large. The band gap width increases and moves to high frequency. The
mechanism is that the filling ratio of the scatterer in the phononic crystal increases
with the increase of the radius of the scatterer. It has a great influence on the upper
boundary of the band gap. The larger the filling rate is, the greater the frequency of
the upper boundary of the band gap is, and the smaller the influence on the lower
boundary is.

The effect of substrate thickness on band gap is considered. Ensure that the lattice
size a remains unchanged and increase the thickness of the matrix inward to obtain
Fig. 7b. It can be seen from the figure that with the increase of substrate thickness, the
upper and lower boundaries of band gap move to high frequency. The upper boundary
rises rapidly. The width of the band gap increases gradually. The mechanism is
that with the increase of matrix thickness, the mass increases, the relative mass of
scatterers decreases, and the spring stiffness pair decreases. Therefore, the band gap
moves to high frequency.

Consider the influence of cladding width. Change the width of the coating and
keep it in the middle of the substrate. Figure 7c is obtained. As shown in the figure,
the lower boundary of the band gap rises gradually, and the lower boundary rises first
and then decreases. The peak value is reached when the cladding width is 9 mm. The
band gap width first increases and then decreases. The mechanism can be explained
by equivalent simplified model. According to formula (3), when the width of the
cladding layer increases, the equivalent stiffness K of the spring increases and the
initial frequency increases. In the cut-off frequency formula, the spring stiffness plays
a major role at the beginning. The principle is the same as the starting frequency.
Combined with the equivalent model and modal diagram, with the increasing width
of the cladding layer, the mass distribution of the cladding layer in the equivalent
model at point (c) of Fig. 4 is as mentioned above. At this time, the mass plays a
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major role in the cut-off frequency formula of formula (3), so the cut-off frequency
is reduced.

6 Conclusion

A typical local resonant phononic crystal structure is proposed in this paper. The
equivalent simplified model is abstracted. The band gap characteristics and trans-
mission loss of the phononic crystal with finite period structure are analyzed by
finite element method. The band gap changes of phononic crystals under different
material densities and different geometric structures are analyzed, and the following
conclusions are drawn: The local resonant phononic crystal produces a wide complete
band gap at 268.7 ~ 1097.9 Hz. The band gap width is 832.2 Hz. The main mecha-
nism is the translational motion of the local resonance of the lead scatterer, which is
coupled with the long wave traveling wave in the matrix. The transmission charac-
teristics of phononic crystals with finite periodic structure also verify the ability to
suppress waves in the band gap frequency range. By changing the material density
and geometric parameters of phononic crystals, the band gap range of phononic
crystals can be changed. The upper and lower boundaries of the band gap can be
controlled purposefully.
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