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The effects of geometric parameters and constituent material parameters on the flexural wave bandgap of a locally
resonant double-layer metamaterial plate are investigated using the finite element method. Reasonable parameters
are obtained through optimization; then, a double-layer plate made of ABS material with added aluminum mass
blocks is designed. The results show that it can open the low-frequency (112—-124 Hz) flexural wave bandgap at
a subwavelength size. The metamaterial plate is modeled as an equivalent spring-mass system, and the frequency
range with negative density for the equivalent dynamic mass is consistent with the width of the flexural wave
bandgap. The bandgap generation mechanism is further elucidated. Sound insulation performance of double-
layer metamaterial panels verified in an acoustic chamber. The maximum amplitude of STL is achieved at the
112 Hz point in the bandgap frequency range, which indicates that the low-frequency bandgap can effectively
reduce vibration and noise. These results demonstrate that this novel double-layer metamaterial plate has wide

applications in engineering.

1. INTRODUCTION

With the rapid development of society and the improvement
of industrial intelligence, noise from airplanes, high-speed rail-
ways, automobiles, and air conditioners has become an ex-
tremely severe environmental pollution problem for human be-
ings. Noise affects the normal work, study, and rest of people,
causes harm to human health, and possibly damage the hu-
man hearing system and affect children’s intellectual develop-
ment.! In 2011, the European Commission reported that the
social expenditure due to railway and road noise in the Euro-
pean Union was as high as 4 billion euros.?> The 2021 Annual
Report on China Environmental Noise Prevention and Control
indicated that in 2020, various levels of environmental protec-
tion departments in China organized or undertook a total of
approximately 7.45 million yuan in funding for scientific re-
search projects related to the prevention and control of environ-
mental noise pollution. The total output value of the noise and
vibration pollution prevention and control industry in China
was approximately 12 billion yuan in the same year.?

How to control low-frequency noise has always been a hot
topic in the field of acoustic. Due to the long wavelength of
low-frequency sound waves, the design of noise-reducing ma-
terials with a suitable volume for practical applications is dif-
ficult. Traditional acoustic methods and technologies cannot
effectively control low-frequency noise. Thus, the emergence
of acoustic metamaterials has given new life to the ancient
field of acoustics in recent years and demonstrates extraordi-
nary physical phenomena that traditional materials do not have,
such as negative refraction, acoustic subwavelength imaging,
and acoustic perfect absorption.*® Acoustic metamaterials

can provide an innovative approach to suppress the propaga-
tion of low-frequency sound waves, and many researchers have
performed numerous exploratory studies. The Shen research
group at the Hong Kong University of Science and Technol-
ogy bonded an elastic membrane to a relatively rigid plastic
grid and attached a circular mass block to each square grid
unit cell to form a metamaterial. Experimental results showed
a noise reduction performance with a sound transmission loss
(STL) of >40 dB in the frequency range of 50-1000 Hz.” The
Shen research group further designed a metasurface structure
with hybrid resonance to absorb subwavelength low-frequency
sound, where the structural size was reduced by one order of
magnitude.® Considering the Helmholtz resonance as an ef-
fective method to control low-frequency noise, Zhai et al. in
2019 designed a coupled-resonance acoustic metamaterial us-
ing a combination of an open hollow sphere with a negative
equivalent elastic modulus and a hollow tube with a nega-
tive equivalent mass density.” Numerical and experimental re-
sults showed perfect low-frequency noise absorption in the fre-
quency range of 750-1000 Hz. The metamaterial size is only
approximately 1/8 of the working wavelength, which makes it
easy to construct miniaturized noise reduction devices. Sub-
sequently, Li et al. designed a structure that combined micro-
perforated plates and curled cavities.'” Theoretical calcula-
tions and experimental test results showed that the sound ab-
sorption coefficient was greater than 0.8 in the frequency range
of 262-469 Hz, which indicates that the deep subwavelength
structure size has good broadband and high-efficiency sound
absorption performance.

Locally resonant metamaterials have become a hot research
topic in recent years and can be widely used to control low-
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frequency noise and vibration. In 2000, Liu et al. proposed
the concept of localized phononic crystals and prepared lo-
cally resonant crystals with an equivalent negative elastic mod-
ulus in the bandgap near the low frequency of 400 Hz, which
reduced the bandgap frequency by two orders of magnitude
and was used to control long wavelengths at a small size.!!
To further control low-frequency vibration, Belle et al. ar-
ranged S-shaped plexiglass (PMMA) resonant units in a square
array on an aluminum plate.'> They experimentally showed
the presence of a low-frequency bandgap at 600 Hz, which
was consistent with theoretical calculations. Claeys et al.
designed a “sandwich” double-layer honeycomb plate to ob-
tain a bandgap in frequency range of approximately 1000 Hz
for flexural waves, and they experimentally validated that this
lightweight metamaterial could suppress high-frequency vibra-
tions.!3 Since the local resonance method can be used to design
low-frequency metamaterials/structures, De Melo Filho et al.
formed a uniform acrylonitrile-butadiene-styrene/polymethyl
methacrylate (PMMA) composite material from ABS plas-
tic and PMMA and used thermoforming technology to con-
nect the ABS plastic base plate with the ABS/PMMA struc-
ture to form a double-layer plate.'* Then, they added a 2-
mm-thick ABS/PMMA mass block to be periodically dis-
tributed on the upper layer of the plate. Theoretical calcula-
tions and experimental measurements of STL showed that a
narrow flexural wave bandgap could be produced at approx-
imately 150 Hz. Gao et al. Investigated the bandgap prop-
erty of a thin plate structure with periodically attached double
layer membrane-type resonators using plane wave expansion
and Rayleigh methods."> In addition, Mak et al. proposed the
concept of exceeding the causal limit in acoustic absorption
and achieved perfect absorption of low-frequency noise at ap-
proximately 100 Hz.'® Xu et al. designed a double-layer perfo-
rated plate-type acoustic metamaterial.'” Ma et al. introduced
the structural design methods, acoustic/elastic wave attenua-
tion and regulation principles, and engineering applications of
thin-walled acoustic metamaterials for low-frequency sound
insulation.'® Zhou et al. attached multiple layers of rubber
and metal cylinders to a thin plate to obtain multiple flexural
wave bandgaps in the low frequency range.!® Langfeldt et al.
proposed a plate-type acoustic metamaterial with Helmholtz
resonator masses to enhance the sound insulation.”’ Yang et
al. proposed a multilayer coupled plate-type metamaterial con-
sisting of a plate-type acoustic metamaterial and a double layer
of fibers.”!

The above studies show that it is challenging to absorb ultra-
low-frequency sound in scientific research. Based on the lo-
cal resonance mechanism,'! this study designs a double-layer
metamaterial plate with periodically distributed U-shaped
grooves and microstructural unit cells attached to mass blocks.
The new metamaterial plate has a simple structure and is easy
to manufacture, so it has great application prospects in reduc-
ing vibration and noise for indoor building structures, con-
cert halls, and aircraft cabins. The elastic wave band struc-
ture (dispersion curve) of the plate is calculated using the fi-
nite element method. Then, the effects of different constituent
material parameters, geometric parameters, and mass block
thickness values on the flexural wave super bandgap are an-
alyzed. By optimizing these parameters, we construct a new
type of double-layer metamaterial plate with a low-frequency
bandgap for flexural waves. Furthermore, an equivalent spring-

Figure 1. (a) Three-dimensional schematic diagram of metamaterial bipanels
with square resonance units, (b) the unit cell, (c) its top view and first Brillouin
zones.

mass system is established to predict the bandgap rationality
based on the frequency range with negative density for the dy-
namic mass. Finally, the sound insulation performance of this
double-layer plate metamaterial is verified in the sound insu-
lation room, which can provide technical support for the engi-
neering application of the plate.

2. MODEL BUILDING AND FINITE ELEMENT
CALCULATION

Figure 1(a) is a schematic diagram of a three-dimensional
(3D) locally resonant double-layer metamaterial plate. The U-
shaped grooves in the upper layer of the plate were arranged in
a square array, where the grey area represented resonant units;
the lower layer of the plate was an isotropic plate; the upper
and lower layers were connected by hollow cylinders to cre-
ate a lightweight, easy-to-manufacture, and structurally sim-
ple composite double-layer plate. The unit cells in Fig. 1(b)
show the enlarged microstructure of the 3D periodic structure,
where the mass block has thickness ¢ and the hollow cylin-
der has height h. In the top view of Fig. 1(c), the lattice con-
stant was a, and the mass block had length a;, width b;, and
thickness t; the upper and lower layers of the plate and hol-
low cylinder had thickness t1, and the hollow cylinder had an
inner diameter of 71; in the partially enlarged view of the U-
shaped groove, the groove had width ¢, a transition arc radius
of r5, and a groove arm length of ay; the pink dashed triangle
represented the boundary of the first reduced Brillouin zone
r-Xx-m.

When elastic waves propagated in a locally resonant double-
layer metamaterial plate, the band structure was calculated us-
ing the finite element method. Bloch-Floquet periodic bound-
ary conditions were applied to the unit cell, as shown in
Fig. 1(b). After meshing the unit cell using finite elements,
the discrete form of the characteristic equation is:'%??

[K (k) —w*M] u=0; (D

where x was the wave vector, w was the frequency, u was
the displacement vector, K was the stiffness matrix, and M
was the mass matrix. By scanning the boundary of the first
Brillouin zone with wave vector x, we obtained the elastic
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Figure 2. (a) Band structures of metamaterial bipanels for three types elas-
tic waves with the resonance blocks, (b) vibration modes of elastic waves at
different frequencies.

wave band structure. Taking the ABS/PMMA composite ma-
terial as an example, its material parameters were: density
p =971.35 kg/ms, Poisson’s ratio v = 0.4, and elastic modu-
lus 1.6 x 103MPa; its geometric parameters were: ¢ = 0 mm,
ti1 = 2mm, a = 60 mm, h = 46 m, a; = 36 mm,
by = 28 mm, as = 12 mm, vy = 10 mm, 7o = 2 mm, and
¢ =2 mm.

Fig. 2(a) shows the band structures of the longitudinal wave,
transverse wave, and flexural wave. In Fig. 2(a), only the
flexural wave band has a narrow bandgap of 160-167 Hz.
In the vibration mode diagram of elastic waves in Fig. 2(b),
points B and A represented the vibration modes of the upper
limit (167 Hz) and lower limit (160 Hz) of the flexural wave
bandgap, respectively. These vibration modes were mainly
manifested by the out-of-plane vibration of the tip of the lo-
cally resonant unit of the U-shaped groove in the z-axis direc-
tion, whereas the remainder of the unit had relatively insignif-
icant vibration. The vibration mode of the longitudinal wave
at Point D (191 Hz) was mainly manifested by resonant units
and the upper layer of the plate that vibrates in the x-y plane.
Similarly, the vibration mode of the transverse wave at point C
(125 Hz) was manifested by the vibration in the x-y plane. The
vibration modes of these three types of elastic waves show that
out-of-plane vibration modes are more likely to produce low-
frequency bandgaps.

To obtain a wide low-frequency bandgap, feasible methods
were explored by optimizing the design of unit cell geometry
parameters and constituent materials.
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Figure 3. The related curves of flexural wave bandgap and hollow pillar h.

3.DESIGN OF A LOW-FREQUENCY
BANDGAP

3.1. Effect of Geometric Parameters on the
Bandgap

We selected the material and geometric parameters of the
unit cell in Fig. 2 (a) and only considered the change in height
h of the hollow cylinder. Fig. 3 shows the finite element calcu-
lation results of the low-frequency bandgap for flexural waves.
The curve in Fig. 3 shows that when h increased from 16 mm to
66 mm, both upper and lower boundaries of the flexural wave
bandgap between the first and second bands tended to be in
the low-frequency range, while the bandgap width gradually
decreased from a very wide range of 162-170 Hz to a narrow
range of 158-163 Hz. Increasing the height i of the hollow
cylinder lead to a narrowing of the low frequency band gap. At
the same time, the band gap should be in the low-frequency
range as much as possible. In addition, the stability of the
double-layer plate structure should be considered. Therefore,
we selected h = 46 mm, which provides a theoretical basis to
design a low-frequency locally resonant double-layer metama-
terial plate in the next step.

After the height i of the hollow cylinder had been deter-
mined to be 46 mm, all geometric parameters in Fig. 1(c) were
normalized with respect to parameter i. Figure 4 shows the
change curves of the bandgap and lattice constant for the flex-
ural waves, where the dashed line and solid line represented
the upper and lower boundaries of the bandgap, respectively.
The curve changes show that the bandgap frequency gradually
moved toward the low-frequency range when a/h increased.
When 0.9 < a/h < 1, a very narrow bandgap appears be-
tween the first and second bands. When 1.1 < a/h < 1.3, a
wide bandgap was formed, and a wide bandgap initially opens
at a/h = 1. When a/h was 1.2 and 1.3, the bandgap widths
were 173.5-181 Hz and 160-167 Hz, respectively, which cor-
responded to lattice constants of 55 mm and 60 mm, respec-
tively. The bandgap curve changes indicated that the lattice
constant had a greater influence on the bandgap than the height
of the hollow cylinder, or the lattice constant was more sensi-
tive to the bandgap. Because a/h = 1.3 can lead to a wide
bandgap below 170 Hz and a small lattice constant, it provided
a very reasonable size data point to design and prepare ultra-
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Figure 4. The related curves of flexural wave bandgap and normalized lattice
constant a/h.
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Figure 5. Related curves of flexural wave bandgap and the thicknesses ¢ of
different resonance blocks.

low-frequency vibration and noise reduction materials.

In the upper layer of the unit cell plate in Fig. 1(b), we
changed the thickness of the mass may help to broaden the
low-frequency bandgap. Based on the material and geometric
parameters of the unit cell in Fig. 2(a), ABS/PMMA was se-
lected as the material of the mass block. Figure 5 shows the
change curves of the upper and lower boundaries of the flexu-
ral wave bandgap with thickness ¢ of the mass block. When ¢
increased, the bandgap curve shifts toward the low-frequency
range. For example, the bandgap width of ¢ = 0.5 mm is ap-
proximately 9.4 Hz and the bandgap width of ¢ = 1.5 mm was
approximately 13 Hz. As the thickness of the mass increases,
the band gap of the structure increases slightly. Adding addi-
tional mass can shift the band gap of the structure toward lower
frequencies.

3.2. Effect of Material Parameters on the
Bandgap

In addition to the influence of the key geometric parameters
on the bandgap distribution, the constituent materials are an
important factor that cannot be ignored. We chose the materi-
als of the additional mass to be iron and aluminum, the thick-
ness of the mass ¢ = 1 mm, and the rest of the parameters to be
the same as the geometrical parameters of the cell in Fig. 2(a).
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Figure 6. Band structures of flexural waves for metamaterial panels at differ-
ent resonance blocks.

The material parameters were: density: prron = 7850 kg/m3
and py; = 2700 kg/m?; Poisson’s ratio: vy, = 0.29 and
va, = 0.29; elastic modulus: Ej,on = 2 x 10° MPa, and
Ea = 7 x 10* MPa. After adding additional aluminum and
iron mass, the theoretically calculated flexural wave band gap
of the structure is shown in Fig. 6.

Fig. 6(a) shows that the aluminum mass block produced a
flexural wave bandgap of 112-124 Hz. Meanwhile, with an
increase in mass density, the iron mass block produced a flexu-
ral wave bandgap of 77.6-94 Hz (Fig. 6(b)), which achieved
the goal of an ultra-low-frequency broadband bandgap. In
Fig. 6(a), the vibration mode at the lower boundary of the
bandgap shows that the double-layer plate structure hardly vi-
brated. The main reason was that the groove-shaped reso-
nant unit and added mass block experience out-of-plane res-
onance in the z-axis direction, which was like the vibration of
a cantilever beam with one fixed end. This phenomenon ex-
plains how the local resonance can open the bandgap in the
low-frequency region.'® In comparison, the vibration mode at
the upper boundary of the bandgap shows that the added mass
block also produced local resonance, and the upper layer of
the plate and hollow cylinder have in-plane vibrations in the
x-y direction, which were superimposed to form the bandgap
in Fig. 6(b).

4. LOCAL RESONANCE MECHANISM AND
SOUND INSULATION PERFORMANCE OF
THE LOW-FREQUENCY BANDGAP

4.1. Local Resonance Mechanism and
Dynamic Mass Density Analysis

For the ABS/PMMA double-layer metamaterial plate and
additional aluminum mass block, the low-frequency bandgap
results from the local resonance coupling between the U-
grooved resonant unit and the double-layer plate structure.
When the local energy increased, the flexural wave in the up-
per layer of the plate and locally resonant unit were coupled to
promote the relative motion between different parts of the com-
posite structure and form a low-frequency bandgap.?? There-
fore, the bandgap mechanism can be explained by the dynamic
mass density. To calculate the dynamic mass density of the
double-layer metamaterial plate, the unit cell in Fig. 1(b) was
made equivalent to a two-degree-of-freedom (2DOF) spring-
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Figure 7. Equivalent dynamic spring mass system of metamaterial unit cell.

mass system as shown in Fig. 7. The dynamic mass equation
of the equivalent system was solved, where mgs and mpes
were the masses of the base plate and resonant structure, re-
spectively; m1, mo, ko, and ¢, were the masses, spring stiff-
ness coefficient, and viscous damping coefficient, respectively,
of the two vibration units in the equivalent spring-mass sys-
tem.??

For the 2DOF spring-mass system, the dynamic equivalent
mass 7 is as follows:??

2jCow
T

. 2
1420020 (0%2)

where ngzl‘éﬁ was the damping ratio of the resonant part,

ﬁL:ml +mo

; (@3]

ko

was the tunable resonant natural frequency, j was
mo

W=
the imaginary unit, and w was the angular frequency. Solv-
ing my and mgy required the conservation of mass between the
unit cell structure and the equivalent 2DOF system, which is

expressed as follows:
m1+me=mpgs+MRes; 3)

Substituting Eq. (3) into Eq. (2) yields the equivalent dynamic
mass as follows:

2jwés +1
wr, -
. 2
142 (o)
)

where wy, and wy were the lower and upper boundary frequen-
cies of the bandgap, respectively.

When local resonance occurred in the low-frequency range
to form a bandgap, only the damping of the resonant struc-
ture must be considered. The influence of the base plate on
the coupled vibration was negligible. By choosing the param-
eters mgs = 0.007, mpes = 0.0148, wr= 112, wyg = 124,
and (2 = 2.6%, we theoretically calculated the curve of the
equivalent dynamic mass density as a function of the frequency
according to Eq. (4). The curve in Fig. 8 shows that the equiva-
lent dynamic mass density was negative in the frequency band
of 112-124 Hz (shaded area), which was consistent with the
bandgap in Fig. 6(a). This result indicates that the locally res-
onant metamaterial produces a low-frequency bandgap, which
results in a negative equivalent dynamic mass, i.e., the struc-
ture in this frequency band has a negative response to external
excitation. The curve in Fig. 8 shows that there is no reso-
nance at w = 0, s0 M = (my,+Mpes)/a®. With the in-
crease in frequency, the equivalent dynamic mass of the sys-
tem tends to a maximum when the lower boundary frequency
of the bandgap is approximately w;, = 112 Hz, sharply drops
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Figure 8. Equivalent dynamic mass density and frequency for metamaterial
bipanels.

to a minimum value, and subsequently increases to the upper
boundary of the bandgap wy = 124 Hz (m = 0). The negative
density obtained by local resonance causes the low-frequency
bandgap. When the frequency continues to increase, the res-
onant structure no longer participates in structural resonance,

and the dynamic mass is between the base plate mass 4= and

a
static mass (™ res) and oradually stabilizes. This process

reveals the mechgnism by which the local resonance forms the
flexural wave bandgap.

To investigate the controlling noise for acoustic waves in this
section, the dynamic effective impedance of the metamaterial
double panel can be written as:

L= iwm/; (®)]

where m’ :g’% represented the equivalent mass surface density
of the structure. The single-angle incidence sound power trans-
mission coefficient of the metamaterial double panel can be

written as: )
2
Z.cos(0) ; ©)

7(0)=|——F—
2+ Zec2(0)

where a transmission factor 7 was integrated with the trans-
mission loss. Zy=ppco was the characteristic impedance of
air.

To characterize the propagation feature of acoustic waves in
the diffuse field, the transmission coefficient 7 of the integrated
all incidence angles was derived as:

fOGM“” 7 (6) cosfsinfdf

/i OaM‘” cosfsinfdé

T (w)= @)

where 6., was called the limiting angle above which it was
assumed no acoustic waves were received, and varies from 70°
to 85°. In the next calculation of STL = 101og,,(1/7), Orrax
was 85°.

4.2. Experimental Validation

The diffuse transmission loss of the structure was measured
in the sound insulation chamber. The sound isolation chamber
consisted of two rooms, a sound source room (4.4 X 3 X 3 m)
and a semi-anechoic room (5.2 x 3 x 3 m). The two rooms were
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Figure 9. Schematic of the experimental setup used for measurement of dif-
fuse field STL.

Figure 10. Experimental sample.

connected by a window. The experimental setup for transmis-
sion losses is shown schematically in Fig. 9. The sample was
mounted on the window as shown in Fig. 10. The frame of the
sample is fixed to the edge of the window. The total area of
the sample was 980 x 980 mm. The sample consists of four
small pieces. An omnidirectional loudspeaker was placed in
the sound source room to create a diffuse sound field in the
room. The STL in the experimental test can be obtained by:

STL = SPL — SIL + 1019% 8)

where SPL was the average sound pressure level of the re-
verberation chamber, ST L was the sound intensity level of the
semi-anechoic chamber, S is the area of the specimen and A is
the absorbing area of the acoustic chamber.

We measured the sound insulation performance of the new
structure. The measured diffuse field STLs are presented in
Fig. 11. Theoretical calculations of the transmission loss of
the diffuse field of the new structure are also shown in Fig. 11.
The predicted results are consistent with the trend of the mea-
sured transmission losses. The maximum sound insulation of
the structure is 23.4 dB at 112 Hz. The minimum sound in-
sulation is 3.4 dB at 126 Hz. The main reason for the higher
measured sound insulation is that the four 3D printed cells have
additional sides. The overall structure of the structure consists
of four cells. This is equivalent to adding reinforcement to the
overall structure. On the other hand, the experimental structure
is a finite size, whereas the theoretical calculation is an infinite

25 T T T T |
X Theory
20 . 4 o Experiment| |

STL (d

100 120 140 160 180 200
Frequency (Hz)

Figure 11. Comparisons of predicted and measured diffuse field STLs.

structure. An increase in the sound insulation of the structure
due to the finite size has been reported.?*

5. CONCLUSION

Based on the local resonance mechanism, this study uses
the finite element method to numerically calculate the effects
of geometric and constituent material parameters on the low-
frequency flexural wave bandgap. On this basis, the design
of a locally resonant metamaterial plate with a low-frequency
flexural wave bandgap is optimized, the bandgap mechanism
is elucidated, and the sound insulation performance is ana-
lyzed. By adjusting the thickness of the mass, the band gap of a
double-layer plate-type metamaterial can be quickly changed.
The double layer metamaterial plate structure is simple in de-
sign and easy to manufacture. The main conclusions are as
follows:

(1) The optimization results show that the key geometric pa-
rameters are: lattice constant @ = 60 mm, hollow cylinder
height A = 46 mm, and mass block thickness ¢; = 2 mm; the
reasonable constituent materials are an ABS/PMMA double-
layer plate and an aluminum mass block, which can achieve a
desired low-frequency (112—-65 Hz) flexural wave bandgap.

(2) Based on the equivalent spring-mass system, the fre-
quency range with negative density that is obtained from the
dynamic mass is consistent with the prediction results of the
flexural wave bandgap theory, which confirms that the local
resonance can open a low-frequency bandgap.

(3) The STL of the structure is measured in an acousti-
cally insulation chamber. The trends of the curves of theoret-
ical predictions and experimental results are in general agree-
ment. The maximum sound insulation of the STL is 23.4 dB at
112 Hz.

In summary, a composite metamaterial plate composed of a
non-metallic double-layer plate and a metallic mass block can
generate a bandgap in the low-frequency range. The new meta-
material plate has a simple structure and is easy to manufac-
ture. The double layer plate type metamaterial also has good
mechanical strength and can be applied in engineering. It has
great application prospects in reducing vibration and noise for
indoor building structures, concert halls, and aircraft cabins.
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