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In this paper, a three-component cladding acoustic metamaterial panel with good sound insulation effect
in the low-frequency range is proposed. The sound transmission loss of metamaterial panels under different
structural configurations and different material parameters is investigated by combining finite element simu-
lation calculations with experimental research. The results show that the closer the center of gravity of the
scatterer is to the substrate, the better the stability of the resonance unit, the wider the range of effective sound
isolation frequencies, and the higher the degree of normalization. The filling rate of the scatterer is maintained
at about 0.5 to obtain a better sound insulation effect. At the same time, choosing lower density materials
for the substrate and metal materials with high density and high modulus of elasticity for the scatterer can
maximally widen the bandgap and allows for low-frequency sound insulation below 600 Hz. This approach im-
proves the low-frequency sound insulation efficiency of acoustic metamaterials. The results provide important
explanations and references for a deeper understanding of the sound insulation mechanism and the effects of
different parameters on sound insulation.
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1. Introduction

The aerospace and automotive industries use
acoustic damping and noise reduction devices to re-
duce low-frequency noise, a subject considered in many
studies (JIANG et al., 2021; CHEN et al., 2021; IANNAC
et al., 2021; ATMOJO et al., 2021). In these industries,
beyond simply enhancing passenger comfort, the ad-
vantages also help to minimize errors in precision in-
struments caused by vibration (ZUoO et al., 2016; SONG,
2015).

The composite columnar local resonant unit is
a valuable structural form for engineering purposes
(ZHAO et al., 2015; L1 et al., 2016). In the studies of
WEN et al. (2005) and (2008), acoustic crystal plates
were constructed with a periodic array of columnar lo-
cal resonant units attached to it. These studies demon-
strated the presence of a local resonant bandgap, ef-
fectively suppressing the vibration transmission of the
acoustic crystal plate. PENNEC et al. (2008) designed

and calculated a crystal consisting of a periodic array
of cylindrical dots deposited on a thin layer of uniform
material, with the number of bandgaps increasing with
the height of the cylinders.

OupICH et al. (2010; 2011) created an acoustic
metamaterial plate using two types of local resonant
units: a single-layer rubber column and a composite
rubber column. They analyzed how the unit parame-
ters affected the bandgap characteristics. Additionally,
they investigated an acoustic metamaterial plate with
regularly attached single-layer rubber columns and
confirmed the presence of local resonance bandgaps
in this structure. Hsu (2011) designed an acoustic
metamaterial plate with a stepped local resonant unit
and a two-dimensional phononic crystal composed of
a stepped resonator array. BADREDDINE ASSOUAR and
OubpICH (2012), and BADREDDINE et al. (2012) con-
ducted a study on the impact of a double-sided ar-
rangement of columnar resonant units on a thin plate.
Their findings suggest that this arrangement effectively
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broadens the damping frequency band. Also, they de-
signed two-dimensional acoustic crystals utilizing short
cut-off plates on both sides.

Hsu et al. (2013) explored the band gap and wave-
guide properties of cylindrical acoustic metamaterial
plates with a stepped structure. Similarly, YU et al.
(2013) put forward the idea of two-dimensional phonon
crystals composed of stepped resonator arrays. ZHAO
et al. (2015) examined the vibration isolation prop-
erties of a raised phonon crystal sheet in three dif-
ferent structural forms: single-sided single oscillator,
single-sided double oscillator, and double-sided sin-
gle oscillator. Meanwhile, L1 et al. (2015) designed
two-dimensional binary local resonant phonon plates.
HE and WEN (2018) studied the sound insulation prop-
erties of acoustic metamaterial plates that contained
columnar local resonance units. They also explored
how the sound insulation properties were affected by
different lattice constants.

ZHOU et al. (2020) proposed the use of multilayer
rubber cylinders and metal cylinders attached to a thin
plate. By combining units with different geometrical
parameters, the resulting metamaterial demonstrated
improved low-frequency sound insulation efficiency. In
their respective studies, YANG et al. (2020) and ZHOU
et al. (2021) proposed novel solutions for low-frequency
vibration and noise reduction problems in engineer-
ing. YANG et al. (2020) introduced a two-dimensional
conical scatterer phonon crystal plate, while Zuou
et al. (2021) designed a double-sided composite res-
onator structure and demonstrated a hybrid phonon
crystal plate through simulations and experiments.
NAKAYAMA et al. (2021) presented a practical design
for sheet acoustic metamaterials that could be poten-
tially used in industrial applications. Their aim was to
develop lightweight and compact materials that could
effectively insulate against noise generation effects.

Some properties of phononic crystals hold good ap-
plication prospects, such as exploring acoustic focusing
properties and defect state properties of phononic crys-
tals to guide the design of acoustic functional compo-
nents. Q1U and Liu (2006) used phonon crystals to ob-
tain a directional sound source. LIANG et al. (2009) de-
veloped an acoustic diode model utilizing phonon crys-
tals. Building upon this work, MALDOVAN (2013) fur-
ther investigated the practical applications of phonon
crystals, demonstrating the theoretical and experimen-
tal feasibility of using them for acoustic diodes and
cloaks. At the same time, programmable smart meta-
materials have also emerged (YIN et al.,, 2022). The
use of phononic crystals in designing of automotive,
marine, and aircraft structures has also gained trac-
tion as phonon crystal research continues to advance
(MA et al., 2018; ZHANG et al., 2016a).

Numerous studies highlight the attention given
by scholars to the noise control problems in plate
structures, resulting in important achievements. How-

ever, the law governing low-frequency sound insulation
of cladding acoustic metamaterials (especially below
600 Hz) remains underexplored. However, the influ-
ence of low-frequency noise cannot be ignored in prac-
tical production and engineering applications. There-
fore, the three-component cladding acoustic metama-
terial plate structure was selected as the research ob-
ject in this paper, aiming to explore the law of low-
frequency wideband sound insulation by changing the
structural and material parameters of the metamate-
rial plate. The paper is organized as follows: Sec. 1
provides the introduction, Sec. 2 presents the models
and research methods, and Sec. 3 shows the results and
discussion. Finally, conclusions are given in Sec. 4.

2. Models and methods
2.1. Ezxperimental methods

The material chosen for the cladding in the exper-
iments is the methyl vinyl polymer (VMQ) silicone
rubber, the substrate material is epoxy resin, and the
scatterer material is aluminum. The relevant proper-
ties of the materials are given in Table 1. The con-
nection between the epoxy resin plate and the rubber,
as well as that between the rubber and the cladding,
were realized by superglue with a tight fit. In order to
facilitate experimental tests with the ZK1030 circular
impedance tube, the plate-type acoustic metamaterial
was designed as a circular sample (Figs. la and 1b)
during the preparation of the acoustic isolation test
samples. The circular sample is 100 mm in diameter
and contains seven hexagonal acoustic metamaterial
cells. The thickness of the substrate is e = 1 mm, the
single-cell lattice constant a = 30 mm, and the radius
and height of the cladding layer remain unchanged at
R = 6 mm and H = 9 mm, respectively. For compar-
ative experiments, the radius of the scatterer is se-
lected to be 1 = 4 mm and ro = 5 mm. The corre-
sponding heights of the scatterer are h; = 4.75 mm
and ho = 4.32 mm, respectively.

Table 1. Material constants of the components.

Mass Young’s
Materials density modulus | Poisson’s ratio
[kg/m?] [Pa]

Tungsten 19100 3.54 x 1011 0.35
Lead 11600 4.08 x 1010 0.42
Copper 8960 1.1 x 101 0.35
Steel 7780 2.1x10M 0.30
Aluminum 2700 7x 1011 0.33
Epoxy resin 1180 4.35x 109 0.38
Silicone rubber 1300 1.37 x 105 0.47

This experiment uses the ZK1030 impedance tube
test system, which includes the B&K-23750 power
amplifier, Type-3160-A-042 data acquisition instrument,
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Impedance tube Specimen

Fig. 1. Circular acoustic metamaterial samples (a); place-
ment of the specimens in the experiment (b); sound insu-
lation experimental test systems (c).

computer (installed with B&K acoustic test software)
and impedance tube and other equipment (Fig. 1c).
The impedance tube is 100 mm in diameter and
consists of a large standing wave tube (including
a loudspeaker and sample holder), a sample tube (for
0-100 mm wide samples), and a receiver tube. The test
procedure is as follows: firstly, the relevant components
of the impedance tube test system are installed and
fixed in accordance with the requirements, ensuring
that the whole impedance tube is on a horizontal line.
Then, the B&K Acoustic Test Software is started and
opened, and the relevant settings for the sound insu-
lation items are set up. After no warnings have been
given for the signal-noise ratio measurement, the sam-
ple tube is opened and the sample is placed into it,
keeping the sample in a vertical plane as far as possi-
ble. Then, the sound insulation test is conducted and
the sound insulation of the specimen can be obtained
by substituting the sound pressure value into the trans-
fer function.

2.2. Finite element simulation methods

In engineering practice, the sound insulation per-
formance of structures is generally evaluated by sound
transmission loss (STL). Noise reduction materials uti-
lize various components, structures, or systems to hin-
der the spread of sound and diminish its energy once

it has passed through the material. To elucidate the
sound insulation properties, the STL of the plate-type
acoustic metamaterials is calculated.

In the z—z plane, there is an infinite homogeneous
thin plate with thickness h, the top and bottom of
which are in contact with the air, the speed of sound
in the air is ¢, and the density of the air is py (Fig. 2).
There is a simple harmonic plane wave P,,. incident
from the z side, with acoustic wave amplitude Py, in-
cident angle 6, w is the incident angular frequency,
and the wave vector of the incident wave kg = w/ec.
By decomposing kg into two-dimensional coordinates,
the projected components in the x and z squares are,
respectively, k, and k,. According to Eq. (1), it can
be observed that the plate vibrates under acoustic ex-
citation, and the surface couples with the air to emit
transmitted acoustic wave P;, and reflected acoustic
wave outward Phes:

ks = kgsind,

k., =kgcosf.

k: Ky

ke Pinc Pret

Fig. 2. Infinite homogeneous thin plate in the x—z plane.

According to the small amplitude one-dimensional
plane wave equation P, can be assumed as:

—i(k$m+kzz)eiwtei<p0 (2)
)

Rnc = I50€
where Pj is the incident wave amplitude and (g is the
initial phase of the incident wave at ¢ = 0. Similarly,
the reflected wave P,qf, transmitted wave P, and plate
displacement w can be obtained as:
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The equation of motion for an ideal fluid medium leads
to Eq. (4):
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According to the bending equation of a homogeneous
thin plate, it can be obtained as:
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a)

Scatterer

Fig. 3. Schematic illustrations of the unit cells of the plate-type acoustic metamaterial models (a)
and schematic illustration of the calculation of the STL (b).

where E is Young’s modulus of the plate material, D is
the bending stiffness of the plate, and ~ is Poisson’s
ratio.

Through Egs. (2)—(4), the relationship between
acoustic amplitude and plate amplitude can be ob-
tained as:

;2
PrO_PiOZ_M7
k.
B (©)
poiwWo
PtOZT.

Then, substituting Eq. (6) into Eq. (5) to obtain P;g as:
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2 kocosf
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The acoustic transmission coefficient 7 and the STL
can be obtained as:
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An acoustic metamaterial type plate cell model
was developed in COMSOL Multiphysics software
(Fig. 3a). The basic parameters of the cell are: sub-
strate thickness e = 1 mm, and individual cell lattice
constant @ = 30 mm. The radius and height of the
cladding panel are ro = 6 mm and he = 9 mm. In ad-
dition, the radius and height of the scatterer vary de-
pending on the research scenario. Based on the acoustic
metamaterial cell, we conducted an acoustic isolation
simulation (Fig. 3b). The acoustic metamaterial type
plate cell under study is shown in dark color at the cen-
ter. There are two layers of air domains above and be-
low the monocell. The uppermost layer serves as a per-
fect matching layer to absorb sound waves and simu-
late a non-reflective sound field. The lower air domain

of the wall plate is set as the background pressure field
for acoustic excitation. The simulation uses acoustic-
structure interaction and applies the perfectly matched
layer (PML) to the model. A background pressure field
(Py) is applied on the back of the plate. In this study,
Eq. (8) is expanded to apply to the sound insulation
simulation model structure, i.e., Eq. (10):

E
= 10
70 -Fout7 ( )
P2 0
F - f m;ﬂds, (11)
. poc
P2
Fout = / Md& (12)
g 2poc

where F}, and Fi are the acoustic energies on the two
surfaces S7 and Ss, Si, and S,y are the areas of S7 and
So, respectively, Py and Pyt are the sound pressures
of S1 and Sy, respectively, pg is the air density, c is the
velocity of sound waves propagating in the air, and
0 is the pitch angle of sound waves incident on the
sound waves. By combining Eq. (9) and Eq. (10), we
can calculate the STL.

3. Results and discussion
3.1. Sound insulation (simulation and experimental)

In order to verify the simulation results, we carried
out comparative experiments on acoustic metamate-
rial plates with scatterer radius of 4 and 5 mm. The
obtained comparison curves between experimental and
simulation results are presented in Fig. 4.

It can be seen in Fig. 4a that certain inconsisten-
cies exist between the outcomes obtained from the
experimental analysis and the finite element simula-
tion results at the peaks of the sound insulation curve.
Specifically, the frequencies of the peaks are 288 and
309 Hz, with corresponding sound insulation values
of 52 and 45 dB, respectively. However, at the val-
leys of the curve, both the experimental results and
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Fig. 4. Comparison curves between experiment and simu-
lation for scatterer radius of 4 mm (a) and 5 mm (b).

finite element simulation results exhibit a consistent
trend. The sound wave frequencies at these points are
475 and 463 Hz, with corresponding sound insulation
values of 1 and 3 dB, respectively.

As can be seen from the curves in Fig. 4b,
the growth or reduction trend of the sound insula-
tion curves is basically consistent with the simulation
curves. During the rising phase of sound insulation,
the experimental results curve exhibits a faster growth
than the simulation results curve, and there are some
cliff-like decrease places, but the overall trend is still
growing. The frequencies corresponding to the peaks
of the experimental curves are slightly higher than the
simulation results, with frequencies of the peaks of 209
and 198 Hz, and the corresponding sound insulation
values of 61 and 49 dB, respectively. Additionally, the
frequencies corresponding to the valleys of the experi-
mental curves match the simulation results.

During the sound insulation experiment, errors in
the measured sound insulation values and correspond-
ing frequency bands may occur due to various factors

such as test equipment, sample processing, and the ex-
perimental environment. The specific reasons for the
errors are: (1) the sound insulation values and cor-
responding frequency bands may have been affected
due to limitations in the experimental equipment. This
is because the actual tested specimen was a circular
multi-cell specimen, which is different from the hexag-
onal single-cell specimen used in the simulation test;
(2) the experimental measurements of sound insulation
may vary due to potential errors in the manufacturing
of the tested parts.

Overall, although there are some deviations be-
tween the experimental results and the simulation re-
sults, the finite element simulation results effectively
predicts the sound insulation performance of acoustic
metamaterial panels, and there is a certain reference
significance in the overall trend of the sound insulation
curve.

3.2. Limiting the total mass of the scatterers

We classify and discuss the effects of different scat-
terer radii (Fig. 5a) and sinking depth of the scatterer
(Fig. 5b) on sound insulation, when the total mass of
the limited scatterers is maintained constant, with the
unit cell lattice constant ¢ = 30 mm, substrate thick-
ness e = 1 mm, and the cladding radius ro = 6 mm, and
the total height hy =9 mm kept unchanged.

a)
)
)
b)

m—)

Fig. 5. The total mass of the scatterer is kept constant,

changing the radius of the scatterer, with the height of

the scatterer adjusting accordingly (a) and the radius and

height of the scatterer remain unchanged, only the sinking
depth Z of the scatterer is changed (b).

e =

_

=0

In order to quantify the advantages and disadvan-
tages of different lattice constants, the effective sound
insulation band is defined here as the band range in
which the sound insulation is 5 dB higher than that
of a homogeneous plate with the same mass (ZHANG
et al., 2016b). Therefore, we choose a range of sound
insulation higher than 30 dB. The red dots marked as
f1 and fo represent the start and cut-off frequencies
when the sound insulation is 30 dB (Figs. 6a and 6b).
The normalization is calculated using Eq. (13):

o f2-1
A= e (13)
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First of all, with the total mass of the scatterer
held constant and only changing the radius of the scat-
terer, the height of the scatterer adjusts accordingly.
We choose the radius ry of the scatterer as 4, 4.5, 5,
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depth Z of scatterers; e) normalization curve for different sinking depth.
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frequency decreases from 255 to 163 Hz, the cutoff fre-
quency decreases from 363 to 198 Hz, and the sound
isolation range decreases from 108 to 35 Hz (Fig. 6b).
It is shown that the normalization is 0.34 when the
radius of the scatterer is 4 mm, but it decreases to 0.2
when the radius increases to 5.5 mm (Fig. 6¢).

Then, keeping the scatterer radius 71 = 4 mm and
height h; = 6 mm unchanged, the scatterer sinking
depth Z is changed. Here, Zrepresents the distance
between the upper surface of the scatterer and the up-
per surface of the cladding, with the selection range
of 0~1.2 mm. The substrate material is aluminum, the
cladding material is silicone rubber, and the diffuser
material is copper (Table 1). As the sinking depth Z
increases, the upper and lower limits of the effective
sound absorption frequency band shift to high frequen-
cies, and the frequency range gradually increases from
35 to 85 Hz (Fig. 6d). As the sinking depth increases,
the normalization shows a stepwise growth trend, from
0.11 to 0.17, and then reaches a maximum of 0.17 at
a sinking depth of Z =1 mm (Fig. Ge).

In summary, when limiting the additional mass of
the resonance unit, the smaller the radius of the scat-
terer or the deeper the sinking depth Z, the closer the
center of gravity of the scatterer is to the substrate, and
the resonance unit as a whole is more stable. The range
of effective sound isolation frequency band is obviously
widened, and the frequency band is gradually shifted to
high frequency, and the degree of normalization is also
gradually increased. The band gap can be maximally
broadened, and the sound insulation at low frequen-
cies below 600 Hz can be realized, thus improving the
low-frequency sound insulation efficiency of acoustic
metamaterials.

8.8. Not limited to additional mass
of the resonance unit

We classify and discuss the effects of different filling
rates f and different materials of different components
on sound insulation, when there are no restrictions on
the additional mass of the resonance unit, with a cell
constant a = 30 mm, substrate thickness e = 1 mm,
the radius and height of the cladding are ro = 6 mm,
ho =9 mm and, additionally, the radius and height of
the scatterer vary depending on the research scenario.

Initially, while maintaining the materials for the
substrate, cladding and scatterer as aluminum, silicon
rubber and copper, respectively, we consider a filling
rate range from 0.3 to 0.6. The filling rate f is calcu-
lated from Eq. (7):

_ Vs

fei (14)

where Vg and Vi are the volumes of the scatterer and
the cladding, respectively. Then, with a constant filling

rate of 0.5, the materials of the scatterer and the sub-
strate are changed. The scatterer materials are tung-
sten, lead, copper and steel, and the substrate materi-
als are aluminum and epoxy resin (Table 1).

The effective sound insulation frequency band, cor-
responding to different filling rates f, shows an overall
trend of increasing and then decreasing. When the fill-
ing rates is in the range of 0.3 to 0.5, the sound insula-
tion range increases from 46 to 155 Hz, and the effec-
tive sound insulation frequency band gradually shifts
to the high frequency. The cutoff frequency also increa-
ses from 252 to 436 Hz. As the filling rates increases
from 0.5 to 0.6, the sound isolation range decreases
and eventually settles at 107 Hz. However, the sound
isolation range remains 27 Hz higher than at the fill-
ing rates of 0.4. This shows that the sound insulation
effect is better when the filling rate is in the range of
0.45~0.6, and the sound insulation effect is best when
the filling rate is 0.5 (Fig. 7a). As the filling rates in-
crease, the normalization shows a trend of first increas-
ing and then remaining stable, indicating that the fill-
ing rate is more stable in the range of 0.4~0.6, and
the filling rates selected in this range are preferrable in
practical applications (Fig. 7b).

When the substrate is aluminum, increasing the
density of the scatterer material causes a gradual de-
crease in the upper and lower boundary frequencies
of the effective sound insulation band. However, when
the substrate is epoxy resin, increasing the density
of the scatterer material results in the upper and
lower boundary frequencies of the effective sound in-
sulation band shifting towards higher and lower fre-
quencies, respectively (Fig. 7c). The scatterer mate-
rial is arranged in the following order: steel, copper,
lead, and tungsten, with a gradual increase in den-
sity from 7780 to 19 100 kg/m?. Regardless of whether
the substrate material is aluminum or epoxy resin, the
frequency band range and normalization both exhibit
an increasing trend. However, when the substrate ma-
terial is epoxy resin, the advantages are more obvious,
resulting in a larger frequency band range and normal-
ization compared to aluminum as substrate material
(Fig. 7d).

The scatterer acts like the mass in a spring-mass
oscillator. The density of the scatterers directly affects
the total equivalent mass of the cylinder. A denser scat-
terer not only increases the unit weight of the acoustic
metamaterial, but also increases the resulting bandgap
of frequencies. Therefore, when selecting scatterers, it
is recommended to use high-density and high-elastic
modulus metals such as lead and tungsten to obtain
a wider bandgap range. However, it is important to
consider the impact of the quality factor in practical
applications, making metals such as copper and steel
viable choices as scatterers. Additionally, low density
materials such as epoxy resins should be chosen as sub-
strates when constructing phononic crystals.
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4. Conclusion

This paper proposed a plate-type acoustic meta-
material with good sound insulation in low-frequency
ranges. In the study, we used finite element simula-
tion to analyze the sound insulation characteristics of
the three-component cladding acoustic metamaterial
panel, and carried out experimental verification. The
results show that the three-component cladding acous-
tic metamaterial plate can significantly suppress the
propagation of noise across a wide frequency band be-
low 600 Hz. Both theoretical and experimental find-
ings demonstrate that the acoustic metamaterial plate
provide excellent sound insulation, particularly at the
resonant frequency of the local resonance unit. The ef-
fects of structural parameters of the scatterer, the fill-
ing rate of the resonant unit, and the materials of
the components on the sound insulation properties
of the acoustic metamaterials were subsequently in-
vestigated. The following conclusions are obtained.

When limiting the additional mass of the resonance
unit, the smaller the radius of the scatterer or the
deeper the sinking depth, the effective sound insulation
frequency band shifts to high frequencies, and the fre-
quency band range and normalization tend to increase.
When the additional mass of the resonance unit is not
limited, as the filling rate f increases, the effective
sound insulation frequency band and frequency band
range first increase and then decrease. Therefore, in or-
der to obtain a better sound insulation effect, the fill-
ing rate should be kept at around 0.5. When selecting
scatterer materials, it is recommended to use metals
with high density and high-elastic modulus to obtain
a wider bandgap range. Additionally, it is advisable to
opt for a substrate material with a lower density.
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