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The acoustic characteristics of 2D single-oscillator, dual-oscillator, and triple-oscillator acoustic metamaterials were investigated
based on concentric ring structures using the finite element method. For the single-oscillator, dual-oscillator, and triple-oscillator
models investigated here, the dipolar resonances of the scatterer always induce negative effective mass density, preventing waves
from propagating in the structure, thus forming the band gap. As the number of oscillators increases, relative movements between
the oscillators generate coupling effect; this increases the number of dipolar resonance modes, causes negative effective mass density
in more frequency ranges, and increases the number of band gaps. It can be seen that the number of oscillators in the cell is closely

related to the number of band gaps due to the coupling effect, when the filling rate is of a certain value.

1. Introduction

Acoustic metamaterials possess certain peculiar acoustic
characteristics that natural materials do not have (e.g.,
negative effective mass density, negative effective modu-
lus) and as such have garnered considerable attention for
their promise in applications such as acoustic/elastic fil-
ters, acoustic mirrors, and sound insulators/absorbers (1, 2].
Acoustic metamaterials are usually composed of a series
of periodically arranged resonance units [3]. A negative
effective mass density is generated by dipolar resonance at low
frequencies [4-6], while a negative effective bulk modulus
is caused by monopolar resonance at low frequencies [7-
9]. Monopolar and dipolar resonance unit coupling can
simultaneously achieve negative effective mass density and
negative effective bulk modulus; thus, to achieve the most
favorable possible acoustic properties, researchers often focus
on designing the unit structures rather than altering material
compositions [10-12]. Previous researchers have established
structural units for reference when building new acoustic
metamaterials and acoustic devices; however, most of the
literatures are centered on single-oscillator systems, which
leave the acoustic metamaterials with fewer regulation factors

[13]. The multioscillator system, conversely, allows a plu-
rality of mutually coupled oscillators within one unit [13,
14]. As opposed to the single-oscillator system, it contains
multiple vibration modes and more degrees of freedom can
be regulated. Interestingly, however, relatively few studies
have investigated its specific structure or unique acoustic
properties. In this study, a multioscillator system examined
the acoustic properties by introducing a metamaterial system
with concentric ring structure.

The multioscillator system here investigated was created
by introducing multiple resonators into a unit cell and
generating new forms of resonance through mutual coupling
between each oscillator in order to control acoustic properties
[13, 14]. Previous studies have shown that compared to
single-oscillator systems multioscillator acoustic metamate-
rial systems readily facilitate wider bandwidth [13]. However,
due to the complex structure of the multioscillator acoustic
metamaterial system, it is a rather challenging endeavor
to fully define the formation mechanism of its acoustic
properties. The concentric ring structure in our test system
was designed by introducing a series of coaxial resonators
(i.e., atypical multioscillator system). Its structure is relatively
simple and it is characterized by strong links between the
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FIGURE 1: Cross-sectional views of 2D acoustic metamaterials in single-oscillator, dual-oscillator, and triple-oscillator systems (a—c); units in
square lattice arrangement (lattice constant = 10 mm) and schematic diagram of the first Brillouin zone (d). Note. Shaded area is the irreducible

Brillouin zone. Points I', X, and M are irreducible Brillouin vertexes.

oscillators. The number of oscillators can be freely controlled
by adjusting the number of scatterer layers. This structure, as
discussed in detail below, proved ideal for investigating the
acoustic properties of the multioscillator system.

A sequence of concentric circular structures with alter-
nating properties used as Bragg fiber was widely investigated
in photonic crystal [15, 16], and recently researchers have
conducted preliminary studies on acoustic metamaterials
arranged in concentric rings, which can be used as sound
filter. For example, Larabi et al. studied the concentric ring
structure of a system with water as the matrix, focusing
on the manner in which transmission response varies with
the number of oscillators, and found that in the trans-
mission response curve, the number of attenuation peaks
increases as the number of oscillators increases [17]. Torrent
and Sdnchezdehesa demonstrated the acoustic metamate-
rials with the radially periodic structure and developed a
new class of structures named radial wave crystals [18].
Subsequently, the low frequency band structures of two-
dimensional (2D) arc-shaped phononic crystals were studied
by utilizing the transfer-matrix method [19]. Zhou and Chen
introduced electrorheological (ER) fluids in concentric rings
(considered as a soft layer in the system) and proved that
the dual-oscillator structure has more band gaps than the
single-oscillator structure [20]. Basically, the concentric ring
structure is a typical multioscillator system, the acoustic
properties of which are enhanced by larger quantities of
oscillators. Studies on this subject have focused primarily on
the transmission characteristics or band gaps while neglect-
ing the effective medium parameters. In effort to remedy
this, the acoustic characteristics of our test concentric ring
structure were investigated via numerical calculation. As
discussed below, the formation mechanism and rules for
the acoustic properties in the multioscillator system were
ultimately identified.

The concentric ring structures were designed to build 2D
single-oscillator, dual-oscillator, and triple-oscillator acoustic
metamaterial systems and the properties of each were thor-
oughly analyzed by numerically analyzing and comparing

their respective band structures, transmission characteristics,
effective medium parameters, and other necessary factors.
It was found that as the number of oscillators increases the
number of vibrational degrees of freedom of the system
increases. The interaction between the oscillators at a plural-
ity of frequencies caused negative effective mass density while
the modulus remained positive. According to the effective
medium theory, the waves at these frequencies were not able
to propagate; thus the number of acoustic/elastic wave bands
increased significantly.

2. Models and Calculation Methods

Concentric ring structures can be introduced into a 2D
acoustic metamaterial to build a multioscillator system. In
this study, the unit section is designed as a set of concentric
rings with alternating hard and soft material, and the number
of oscillators in the entire system is adjusted by changing
the number of layers of concentric rings. As mentioned
above, a single-oscillator, dual-oscillator, and triple-oscillator
system are built. A unit sectional view of the single-oscillator
acoustic metamaterial system is shown in Figure 1(a), where
the scatterer is comprised of infinitely long steel (cylindrical)
columns evenly coated with Si-rubber; Figure 1(b) shows
a unit sectional view of the dual-oscillator acoustic meta-
material system, where the interior contains two layers of
alternately arranged, concentrically coated steel columns; and
Figure 1(c) shows a unit sectional view of the triple-oscillator
acoustic metamaterial system, where the interior contains
three layers of alternately arranged, concentrically coated
steel columns.

Previous studies have demonstrated that the filling factor
impacts the acoustic characteristics of acoustic metamaterial
systems [21]. To eliminate the influence of filling factor, the
radii of the three scatterers are set to 4mm and each was
embedded in an epoxy matrix on a square lattice with a lattice
parameter of 10 mm such that the filling factor was 50%. The
scatterers are all constituted by steel and Si-rubber at1: 1 ratio.
Previous studies also typically simplify this type of system
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TABLE 1: Scatterer dimensions.

R, (mm) R, (mm) R, (mm) R, (mm) R, (mm) R (mm)
Single-oscillator 2.83 4.00 -- -- -- --
Dual-oscillator 2.00 2.67 3.33 4.00 -- --
Triple-oscillator 1.63 2.09 2.65 3.1 3.54 4.00
Note. R; to R are the radii from inner to outer layers of scatters.

TABLE 2: Mass densities and elastic constants of the materials.

Materials Epoxy Si-rubber Steel
Mass density, p (kg/m”) 1180 1300 7780
Young’s modulus, E (MPa) 0.435 x 10* 1.175x 107" 21.06 x 10*
Shear modulus, u (MPa) 0.159 x 10* 4%x107 8.1 x 10*

into a mass-spring mode. It is generally accepted that the mass
of model oscillators is mainly related to the volume of each
steel layer and that the stiffness of springs is mainly related to
the thickness of the soft coating layer and the contact areas
[22]. To ensure that the masses of oscillators were uniformly
distributed within the system, each hard layer is designed in
the dual- and triple-oscillator systems to have similar volume.
As such, each soft layer had uniform thickness, so the spring
stiffness does not vary significantly throughout the system.
The sizes of each element are listed in Table 1 and the physical
parameters of the material components are listed in Table 2.

Effective medium parameters, in addition to band struc-
ture, transmission response, and other factors related to
acoustic properties, require definition [23-26]. In this study,
the effective medium theory is applied to analyze wave prop-
agation through materials in our test systems. Theoretical
calculations of acoustic metamaterials behavior mainly use
multiple-scattering (MS) methods, plane-wave-expansion
(PWE) methods, the finite-difference time-domain (FDTD)
method, transfer-matrix methods, lumped-mass methods,
and finite element methods [27-33]. Finite element methods
(FEMs) are commonly used to calculate the band structure
and vibration modes of LRSMs [34, 35]. A distinct advantage
of the FEM is the flexibility of modeling various materials
with complex structure, good convergence, and high pre-
cision [35]. So the FEM software COMSOL Multiphysics is
used to calculate the band structure, transmission response,
and effective medium parameters (i.e., effective mass density,
effective bulk modulus, and effective shear modulus) of the
single-oscillator, dual-oscillator, and triple-oscillator concen-
tric ring acoustic metamaterial systems.

The calculation model of the band structure can be
reduced to a single unit by applying the Bloch boundary on
the two opposite boundaries [33]. The whole band structure
can be obtained by letting the wave vector sweep the edges
of the irreducible Brillouin zone, which is marked by the
shaded region in Figure 1(d). The transmission response
can be calculated using the finite periodic model, which
is defined according to only four units along the wave
propagation direction. The computing methods described
in previous investigations are referred to for calculating
the effective medium parameters [36]. In calculations, the
triangle element mesh is used. It is worth noting that, in

order to ensure the accuracy of the calculation, the maximum
element size of the triangle mesh is far less than 1/6 of the
shortest wavelength in calculated rage of frequencies.

3. Results and Discussion

3.1. Single-Oscillator Acoustic Metamaterial System. The band
structure of the single-oscillator acoustic metamaterial sys-
tem in the I'X direction is shown in Figure 2(a). There are
two band gaps and the ranges of them are 846 Hz-1542 Hz
and 2571 Hz-2915 Hz. Figure 3 shows the vibration modes at
the first band gap edges. At the lower edge, steel columns
move and the matrix remains almost completely still, where
the coating layer connects the steel column acting as a
spring. At the upper edge, the matrix and steel columns move
along opposite directions and the coating layer still acts as a
spring. For a single-oscillator acoustic metamaterial system,
the simplified mass-spring model can be used to estimate the
frequencies on lower and upper edges of the first band gap

(resp., fy and fy;) [22, 37]:

fL=iJi, g

fy= = JM )

2m mm,

where k is the stiffness of the simplified mass-spring model
and m, and m, are the masses in the simplified model. Our
calculations show that f, = 839.79 Hz and f; = 1549.15 Hz.
The band gap at the highest frequency range is narrower for
those three systems, so the corresponding vibration modes
are not discussed in this paper.

Sound waves cannot propagate in the material in the band
gap frequency range. In order to verify the band structure, the
transmission characteristics are examined via finite element
method. The transmission characteristics for the longitudinal
or transverse waves are then obtained by calculating the
ratio of integrating the horizontal or vertical displacements
on date line (the calculation methods are shown in the
Appendix). Figure 2(b) shows the transmission characteristic
curve of the single-oscillator acoustic metamaterial system in
the I'X direction, where the blue solid and green dashed lines
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FIGURE 2: Band structure of single-oscillator acoustic metamaterial in the I'X direction (a); transmission characteristic curve in the I'X
direction (b); normalized effective mass density, effective bulk modulus, and effective shear modulus (c—e). The blue regions represent the
positions of band gaps. P and S represent a compression wave (p-wave) and shear wave (s-wave), respectively.

represent a compression wave (p-wave) and shear wave (s-
wave), respectively. The maximum vibration damping values
of the p-wave and s-wave appeared at 860 Hz and 2580 Hz,
respectively. These frequencies correspond to the original
frequencies of the band gaps (there were some deviations
worth mentioning, however; actually, the transmission dip
is generally different from the lower band gap edge because
the transmission is attenuated when evanescent waves are

generated [38, 39]). In other words, these frequency ranges
are the acoustic band gaps. With the number of unit cells
increasing, the transmission gaps tend to be larger and
deeper, but few units are sufficient to indicate the frequencies
of band gaps [40]. The curves for both the p-wave and s-wave
also show Fano-like interference phenomena [41]; that is,
within some specific frequency ranges, highly asymmetrical
peaks appeared in the transmission curve.
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FIGURE 3: Vibration modes at lower edge (a) and upper edge (b) of the first band gap of the single-oscillator acoustic metamaterial system.

The color bar represents the normalized displacement.

With a lattice constant of about 1cm, the shortest wave-
length of compression wave and shear wave is about 15 times
larger than that of the lattice constant in the frequency band
of 0-10000 Hz. From the effective medium theories, wave
behaviors are described by effective parameters that may
be obtained using surface integration method [36]. Figures
2(c)-2(e) show the normalized effective mass density pT /p,,
effective bulk modulus x°7/x,, and effective shear modulus
1™ Juy of the single-oscillator acoustic metamaterial, where
Po» Ko» and 4, are the mass density, bulk modulus, and shear
modulus of the matrix, respectively. In Figure 2(c), p7/p,
become negative at 849 Hz-1529 Hz and 2589 Hz-2909 Hz,
respectively. Compared to the band structure shown in
Figure 2(a), it is clear that the two negative p*/p, frequency
ranges correspond to the first band gap and the second
band gap; p°/p, first increases rapidly and then suddenly
drops to a negative value near the original frequency of the
band gaps and then gradually increases and becomes positive
near the frequencies on upper edge of the band gaps. In
the vibration modes, the negative effective mass density in
the system formed mainly due to the dipolar resonances
of the unit. Moreover, both «*/x, and u/u, are positive
within the frequency range of 0 Hz-3500 Hz; thus the single-
oscillator acoustic metamaterials are single negative acoustic
metamaterials.

3.2. Dual-Oscillator Acoustic Metamaterials. Figure 4(a)
shows the band structure of the dual-oscillator acoustic meta-
material system in the I'X direction. Band gaps form in the
946 Hz-1562 Hz, 2283 Hz-2835Hz, and 4247 Hz-4465Hz
frequency ranges. Figures 5(a) and 5(b) show the vibration
modes at the lower edge and upper edge of the first band gap.
In this band gap, the vibration mode at the lower edge is where
two steel columns vibrate in the same direction while the
matrix does not move and the energy was concentrated on the
central steel columns; the vibration mode at the upper edge is
where the matrix and the outer steel columns move opposite
the central steel columns and the energy is concentrated in

the matrix and central steel column. Similar to the vibration
mode of the first band gap, Figures 5(c) and 5(d) show the
vibration modes at edges of the second band gap. In this band
gap, at the lower edge, the two steel columns vibrate opposite
each other while the matrix does not move and the energy is
concentrated on the outer steel column; at the upper edge, the
matrix and the central steel column vibrate opposite the outer
steel column and the energy is concentrated on the outer steel
column and the matrix.

During vibration in the dual-oscillator acoustic meta-
material system, each layer of steel columns moves as a
whole independently of other layers and the Si-rubber layer
connects the matrix and each steel column like a spring.
The vibration modes at the lower edges of the band gaps are
controlled only by the scatterer (the matrix does not move).
Accordingly, the lower edges of band gaps are evaluated by
calculating the eigenfrequencies of a simplified mass-spring
model which include two mass blocks and two springs. A
similar method is used as a previous study to evaluate the
masses of mass blocks and the stiffness of springs [22]. The
evaluated values of the lower edges of the first and the second
band gaps are 948 Hz and 2868 Hz, respectively, and the
results are close to the numerical solutions.

Figure 4(b) shows the transmission characteristic curves
of the dual-oscillator acoustic metamaterial system in the I'X
direction, where the blue solid line and green dashed line
represent the p-wave and s-wave, respectively. The maximum
values of p-wave and s-wave vibration damping appear
at 970 Hz, 2290 Hz, and 4260 Hz. The maximum vibration
damping values correspond to the original frequencies of the
band gaps, and a Fano-like interference phenomenon also
appears.

As shown in Figure 4(c), p/p, becomes negative at
986 Hz-1561 Hz, 2286 Hz-2811 Hz, and 4261 Hz-4461 Hz and
changes in a similar manner to those in the single-oscillator
system. In the 0 Hz-5000 Hz frequency range, x°7/x, and
4 Ju, are positive; therefore, the dual-oscillator acoustic
metamaterials are single negative acoustic metamaterials.
As evidenced by the vibration modes we observed, although
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FIGURE 4: Band structure of dual-oscillator acoustic metamaterial in the I' X direction (a); transmission characteristic curve in the I'X direction
(b); normalized effective mass density, effective bulk modulus, and effective shear modulus (c-e).

each layer of the scatterer has a relative motion, the vibrations
still contain dipolar resonance. To this effect, the vibration of
the scatterer of the dual-oscillator system induces negative
effective mass density and a positive modulus.

3.3. Triple-Oscillator Acoustic Metamaterials. Figure 6(a)
shows the band structure of the triple-oscillator acoustic
metamaterial system in the I'X direction. Band gaps form

in the 1021 Hz-1621Hz, 2452 Hz-2956 Hz, 3773 Hz-4125 Hz,
and 6103 Hz-6257 Hz. Figures 7(a) and 7(b) show the vibra-
tion modes at the lower edge and upper edge of the first
band gap. In this band gap, at the lower edge, the three
steel columns vibrate in the same direction while the matrix
did not move and the energy is concentrated on the central
steel column; at the upper edge, the central steel column and
intermediate steel column move opposite the matrix and the
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edge (d) of the second band gap of the dual-oscillator acoustic metamaterial system. The color bar represents the normalized displacement.

outermost steel columns and the energy is concentrated on
the central steel column and the matrix. Figures 7(c) and 7(d)
show the edge vibration modes of the second band gap. In
this band gap, at lower edge, the central steel column vibrates
opposite the intermediate and outermost steel columns while
the matrix does not move, and the energy is distributed in
the three steel columns; at the upper edge, the central steel
column and the matrix vibrate opposite the intermediate and
the outermost columns, and the energy is concentrated on
the intermediate steel column and the matrix. Figures 7(e)
and 7(f) show the edges of the third band gap. In this band
gap, at the lower edge, the intermediate layer vibrates opposite
the outermost and center steel columns while the matrix
does not move and the energy is mainly concentrated on
the outermost and intermediate steel column; at the upper
edge, the matrix and the intermediate steel columns vibrate
opposite the outermost and center steel columns and the
energy is concentrated on the outermost steel column.

Similar to the single-oscillator and dual-oscillator sys-
tems, the vibration modes of the triple-oscillator system are
characterized by each layer of steel columns moving as an
independent whole, where the Si-rubber layers connect the
matrix and each layer of steel columns like springs. There
is one main commonality in the vibration characteristics

of these three acoustic metamaterial systems: the vibration
modes at the lower edges of the band gaps are controlled only
by the scatterer, while the matrix does not move; the matrix
is involved only in the vibration at the upper edges. The
lower edges of the band gaps of the triple-oscillator system
can also be obtained by calculating the eigenfrequencies of
a simplified mass-spring model which includes three mass
blocks and three springs. The values we calculated for the
lower edges of the first, second, and third band gap are
844 Hz, 2691 Hz, and 4150 Hz, respectively.

Figure 6(b) shows the transmission characteristic curve
of the triple-oscillator acoustic metamaterial in the I'X
direction, where the blue solid line and green dashed line
represent the p-wave and s-wave, respectively. The maximum
values of p-wave and s-wave vibration damping appeared
at 1030 Hz, 2460 Hz, 3780 Hz, and 6130 Hz. Similar to the
single-oscillator and dual-oscillator acoustic metamaterial
systems, the maximum vibration attenuations in the triple-
oscillator system corresponded to the original frequencies
of the band gaps. Figures 6(c)-6(e) show the normalized
effective mass density p/p,, effective bulk modulus «*% /i,
and effective shear modulus u°/u,. In Figure 6(c), p*/p,
becomes negative at 1029 Hz-1609 Hz, 2469 Hz-2949 Hz,
3789 Hz-4149 Hz, and 6209 Hz—6249 Hz. The negative p* /p,
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FIGURE 6: Band structure of triple-oscillator acoustic metamaterial in the I'X direction (a); transmission characteristic curve in the I'X
direction (b); normalized effective mass density, effective bulk modulus, and effective shear modulus (c-e).

values correspond to the band gap, and positive-negative
values change in a similar manner to those in the single-
and dual-oscillator systems. In the 0 Hz-5000 Hz frequency
range, 1 /i, and ™ /y, are positive; therefore, the triple-
oscillator acoustic metamaterials are also single negative
acoustic metamaterials. As evidenced by the observed vibra-
tion modes, the negative effective mass density was induced
mainly by dipolar resonances of the scatterer (similarly to the
other two systems).

3.4. Comparison of Three Acoustic Metamaterials. In the
comparison of the three systems, a series of flat bands appears
in all the band gaps, which is characteristic of local resonant
acoustic metamaterials. As discussed above, the systems
differed in their respective number of band gaps and their
frequency ranges. The number of band gaps and their located
frequencies change as the number of oscillators change, as
shown in Table 3. Different with other resonance-coupling
systems [42-44], the bandwidth of the original band gap
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has not been significantly widened, but the number of band
gaps in the system increased as the number of oscillators
increased: specifically, each additional oscillator introduced a
new band gap. The hierarchical design of the scatterer allows
the opposite motion of the hard layers in the vibration modes
of dual- and triple-oscillator metamaterials. That is to say,
coupling appears in each part of the scatterer and as the
number of oscillators increased, and more and more vibration

modes emerge due to the coupling effect. As such, the number
of band gaps increases as the number of oscillators increases
due to a significant increase in the vibration freedoms.

It is also noted that the original frequency of the first
band gap gradually increases as the number of oscillators
increases. The reason can be identified by vibration mode
information at edges of the first band gap and the results of
(1). The vibration modes at the lower edge of the first band
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TaBLE 3: Band gaps of single-, dual-, triple-oscillator systems.
Band gap edges (Hz) Single-oscillator Dual-oscillator Triple-oscillator
The Ist band gap Lower 846 946 1021
Upper 1542 1562 1621
The 2nd band gap Lower 2571 2283 2452
Upper 2915 2835 2956
The 3rd band gap Lower - 4247 3773
Upper -- 4465 4125
The 4th band gap Lower - - 6103
Upper -- -- 6257
PML PML
Force  Dataline 1 Data line 2

FIGURE 8: Numerical model for transmission computation. The color represents the displacement.

gap of all three systems are the same (as shown in Figures
3, 5, and 7), where the steel columns vibrate in the same
direction. If the steel columns and Si-rubber between them
in the dual- and triple-oscillator systems are considered as a
whole, the vibration mode at the lower edge of the band gap
in those systems can be simplified as a single-oscillator, mass-
spring model—but because the dual-oscillator steel column is
divided into two parts and the triple-oscillator steel column is
divided into three parts, the vibration energy is concentrated
in the central steel column so that the mass in the mass-spring
simplified model decreases as the number of the oscillators
increases. The effect of changes in spring stiffness coefficient
is smaller compared to changes in mass, so (1) shows where
the original frequency of the first band gap in the system
increases as the number of oscillators increases.

Acoustic wave propagation in solids can be explained
from the perspective of the effective medium parameters [8].
Existing research has confirmed that this analysis method
is extremely effective [3, 36]. In solids, the velocity of a
longitudinal wave is determined by +/(x + u)/p and the
velocity of a shear wave is determined by ~/u/p, where p is
the mass density, « is the bulk modulus, and y is the shear
modulus. If (k + p)/p is negative, the longitudinal wave is an
evanescent wave (i.e., one unable to propagate), and if one of
por p is negative, the shear wave is evanescent. For composite
materials, wave propagation can be determined by calculating
the effective medium parameters. All the single-, dual-,
and triple-oscillator acoustic metamaterials achieve negative
effective mass density within the band gap frequency range.
The negative dynamic mass density in each system is induced
by dipolar vibration at the lower edges of the band gaps.
It is also found that bulk modulus and shear modulus are
positive in the examined frequency ranges. All three systems
are comprised of single negative acoustic metamaterials; thus,
according to the theory of efficient medium parameters,
longitudinal waves and shear waves in the frequency ranges of
the band gaps are evanescent. This is the reason that vibration
attenuation appears in the transmission characteristic curves

of the three systems. As the number of oscillators increases,
the relative movements between the oscillators generate
coupling effect, increasing the dipolar resonance modes and
creating negative effective mass density in more frequency
ranges, thus increasing the number of band gaps.

4. Conclusion

By controlling the scatterer structure, a series of different
2D acoustic metamaterial systems are created: one with
a single-oscillator, one with two oscillators, and one with
three oscillators. The unique acoustic performance of each
system is observed and analyzed using the finite element
method and it was found that as the number of oscillators
increases, the number of band gaps increases and the original
frequency of the first band gap gradually increases. Then
the physical mechanism of the band gap is clarified by
examining the vibration modes and effective parameters
in each system. In terms of the single-, dual-, and triple-
oscillator models, all the dipolar resonances of the scatterer
induce negative effective mass density, causing evanescent
compression waves and shear waves which form band gaps.
In addition, as the number of oscillators increase, there are
relative movements between the oscillators that generated
coupling effect, causing increase of dipolar resonance modes
and making more negative effective mass density frequency
ranges, further increasing the number of band gaps. The
findings of this study provide valuable reference for designing
acoustic metamaterials and acoustic devices in the future.

Appendix

Transmission Calculation

We established a numerical model based on FEM to illustrate
the transmission properties of a 2D acoustic metamaterial
system. The model is composed of a slab with four units along
the I'X direction (Figure 8). Two Perfectly Matched Layers
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(PML) were added at its left and right sides to eliminate
the effect of the reflective field. On the upper and lower
edges, periodic boundary conditions were imposed to ensure
infinite condition in this direction:
u(x,y+a)=u(xy)e®,
‘ (A1)
v(x, y+a)=v(x,y) ™,
where k, are the components of the Bloch wave vector in the
y directions, respectively, and a is the lattice constant, and u,
v are the components of the displacement in x, y directions.
Prior to calculation, an external normal/tangential har-
monic force was exerted on the left side to provide an
input of longitudinal/transverse waves. The transmissions for
the longitudinal or transverse waves were then obtained by
calculating the ratio of integrating the horizontal or vertical
displacements on data line 1 and data line 2:

Tp _ IM ' dyllineZ’
IM ' dyllinel
(A.2)
_ .[V. dy|line2'
.[V ’ dy|1ine1
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