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We present a low-frequency sound-absorbing metamaterial for underwater applications and verify that
its sound-absorbing coefficient reaches above 0.7 within 45 to 300 Hz bandwidth and remains more than
0.9 within 110 to 300 Hz bandwidth by finite element method. The metamaterial unit structure con-
sists of five groups of conical and cylindrical cavities, a rubber matrix, two metal vibrators and a steel
backing. We first analyze that the high sound absorption performance of this structure at low-frequency
is the result of two mechanisms of local resonance and wave-mode transformation. The finite element
method results prove good sound absorption performance of the structure and explain the influence of
changing the geometrical parameters of the structure on the sound absorption coefficient. The combined
effect of the local resonance, wave-mode transformation and sound wave scattering mechanism made
a great contribution to the structure’s high sound absorption efficiency. The innovative design propose
in this study has potential value in the research and application fields of underwater sound absorption.

topics: sound-absorbing metamaterials, wave-mode transformation, local resonance, low-frequency
sound absorption

1. Introduction

Polymer viscoelastic materials such as butyl rub-
ber [1–3], polyurethane rubber [4, 5], interpene-
trating polymer network [6, 7] etc., have been al-
ways the preferred materials for the design of un-
derwater sound-absorbing structures due to their
high internal friction and good damping perfor-
mance [8]. For the ideal sound-absorbing material,
on the one hand, its impedance must match the
interface impedance of the water medium to mini-
mize the primary reflection wave; on the other hand,
it needs to have a high loss of sound waves inside
the structure, so that the sound wave energy en-
tering the covering layer can be attenuated as far
as possible to achieve high performance sound ab-
sorption. However, uniform viscoelastic materials
cannot achieve high impedance matching and high
acoustic energy loss at the same time [9], and the
relaxation absorption is far from meeting the needs
of various engineering applications. Obviously, it

becomes necessary to reasonably design the acous-
tic structure inside the sound-absorbing material in
order not only to achieve impedance matching with
water, but also enhance the attenuation effect of
the incident plane waves through mechanisms such
as wave-mode transformation and local resonance.
Many studies have shown that embedding scatter-
ers (heterogeneous media or obstacles) in the base
material is an effective way to realize wave-mode
transformation [8]. When the P -wave incident in
the covering layer contacts the scatterer, a wave-
mode transformation will occur in the side direc-
tion of the scatterer, part of the P -wave will be
transformed into a shear wave with a higher loss
factor, and then absorbed by the viscoelastic ma-
terial. In recent years, a lot of research has been
carried out on this kind of structure, among which
the cavity resonant sound absorption structure has
attracted special attention because of its excellent
sound absorption performance in the low-frequency
range [10, 11].
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Cavity resonant sound-absorbing material is
a kind of underwater acoustic functional material
made by introducing spherical and cylindrical cav-
ity structures into the uniform sound-absorbing ma-
terial [12]. These materials realize the effective ab-
sorption of sound waves through the mechanism
of local resonance, wave-mode transformation and
combining with the intrinsic characteristics of high
polymer viscoelastic materials. The application of
cavity resonant sound absorbing material can be
traced back to the “Aiberich” anechoic tile on the
conventional submarine in the 1940s, which in-
stalled a layer of synthetic rubber sound absorb-
ing body on the hull of the submarine and ab-
sorbed the sound energy by the cavity resonant
generated when the acoustic wave incident. Since
then, a lot of research have been carried out on the
cavity resonance type sound absorption structure
and its sound absorption mechanism. In addition,
the periodic scatterers structure has been proved
to have special acoustic scattering characteristics-
band gap characteristics [13, 14]. Tao [15] used the
principle of local resonance combined with wave-
mode transformation to embed periodic scattered
particles in the matrix material. Through the heavy
particles wrapped in the soft material to realize
the wave conversion during the scattering and res-
onance of the acoustic wave, so as to improve the
acoustic absorption ability of the covering layer. In
recent years, Sharma et al. [16] has designed a dig-
ital model of underwater sound-absorbing covering
layer and performed simulation analysis with poly-
dimethylsiloxane (PDMS) as the matrix and embed-
ded cylindrical cavity in the horizontal direction.
The sound absorption characteristics of the cover-
ing layer under different parameter conditions were
explored. In [3], Sharma’s team used rubber as the
matrix material, embedded the cylindrical cavity
and steel column layer in the horizontal direction,
and the sound absorption performance was greatly
improved in the range of 2–5 kHz. Its average sound
absorption coefficient reaches 0.6, but the effect is
poor in the range below 2 kHz. Zhao et al. [17]
proposed the idea of a two-layer “Alberich” struc-
ture and used the differential evolution algorithm
to optimize the parameters of the two-layer struc-
ture. It has good sound absorption performance in
the range of more than 2–10 kHz, and the average
sound absorption coefficient is about 0.8. In addi-
tion, Gao and Lu [1] proposed a periodic underwa-
ter sound absorption structure with rubber as the
matrix and metal blocks embedded in the cavity.
Through calculation and simulation, it was verified
that the sound absorption coefficient of the struc-
ture was greater than 0.4 in the range of 240 Hz–
10 kHz. On this basis, Gao’s team [18] designed
a structure containing two metal disks, achieving
a sound absorption coefficient greater than 0.5 in
the range of 50–300 Hz. Although these novel design
methods and corresponding experiments provide
a wealth of ideas for underwater sound-absorbing

coatings, their sound absorption frequency range is
still dominated by medium and high frequencies,
so low-frequency sound absorption performance is
poor and unstable. As the requirements of low-
frequency sound absorption conditions are not met,
it is difficult to promote and apply underwater
sound-absorbing coatings in actual work.

The sound absorption process of the underwa-
ter sound absorption structure can be regarded as
the process in which the sound waves in water
pass through the surface of the water/sound ab-
sorption material, enter inside and are absorbed by
the material. Therefore, this paper presents a kind
of underwater sound-absorbing metamaterial based
on wave-mode transformation and local resonance
principle, which can minimize the primary reflec-
tion wave and improve the absorption performance
of low-frequency sound waves. The metamaterial is
a polymer viscoelastic material, in which a coni-
cal and cylindrical cavity and two metal vibrators
are embedded. The sound absorption performance
of the metamaterial is verified by finite element
method. Furthermore, the influence of the parame-
ters on the performance of sound absorption is dis-
cussed. The conclusions will provide a powerful the-
oretical and design basis for research of underwater
low-frequency sound absorption project.

2. Description of sound absorption
mechanism

Since Zwikker and Kosten introduced an analy-
sis of the sound absorption mechanism of under-
water sound-absorbing coatings in “Sound absorb-
ing materials” in 1949 [19], the sound absorption
mechanism of sound-absorbing materials has always
attracted a lot of attention, including cavity reso-
nance absorption. The sound absorption mechanism
of acoustic structures is currently a hot research
topic [20, 21]. Regarding the metamaterial struc-
ture in this paper, it is formed by adding a multi-
layer cone, a cylindrical cavity, and two metal blocks
as vibrators to the uniform viscoelastic rubber, as
shown in Fig. 1. The focus of the research is mainly
on sound wave scattering, local resonance absorp-
tion and wave mode conversion [22].

First of all, the radius of the gradient of the upper
conical cavity shows that the equivalent impedance
is gradually changing, as shown in Fig. 1a and b.
This is also the application of impedance gradient
structure in underwater sound absorption. When
plane waves are incident perpendicularly to the
metamaterial from water, air in the cavity as a fluid
medium only allows the P -wave to propagate. In ad-
dition, the reflection of sound waves on the interface
of the impedance gradient structure is only related
to the incident angle of the sound wave and the Pois-
son ratio of the rubber matrix, irrespective of fre-
quency [1]. Therefore, the inclined interface causes
the elastic wave in the rubber matrix to change
during the propagation process. By changing the
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Fig. 1. Sound absorption mechanism diagram.

propagation direction, the reflection of sound waves
at the interface between water and material is re-
duced, and continuous reflection and scattering oc-
cur, which improves the sound absorption effect in
low-frequency bandwidth. However, due to the pres-
ence of hydrostatic pressure and sound pressure, the
upper cavity is squeezed and deformed. Therefore,
in the higher frequency bandwidth, the upper cav-
ity contributes less to the sound absorption energy,
so both the resonance and anti-resonance frequen-
cies move to high frequencies. At this time, local
resonance and wave-mode transformation sound ab-
sorption play a leading role.

The introduction of the metal vibrator and cav-
ity into the rubber matrix forms a local resonance
structure, which is equivalent to introducing a low-
frequency spring-mass mode, as shown in Fig. 2a.
There, the steel backing and the bottom vibrator
are equivalent to the external mass M , the upper
vibrator is equivalent to the internal mass m, the
composite matrix is equivalent to the spring, and
the cavity provides compression space. When the
frequency of the incident sound wave is close to
the frequency of the mode, the sound wave and the
structure have a strong coupling effect at 121 Hz, as
shown in Fig. 2b. The internal and external masses
move in opposite directions. In addition, the upper
rubber matrix and the inner mass m have larger vi-
bration displacements, while the middle and lower
rubber displacements are smaller. In this case, the
sound energy is converted into structural vibration
energy, and the energy dissipation of the rubber
damping effect realizes the sound absorption effect.

In the structure proposed in this paper, Young’s
modulus of the rubber is much smaller than Young’s
modulus of the vibrator, and the mass m of the vi-
brator is very large, and its resonance frequency
ω0 =

√
k/m can be quite low, where k is the

spring constant, and the resonance frequency is
independent of the periodic element size [23]. Under

Fig. 2. (a) Simplified model of the sound-
absorbing structure, (b) the total vibration dis-
placement diagram [mm] at resonance frequency
(121 Hz), the red arrow indicates the displacement
vector.

the excitation of the elastic wave of a specific fre-
quency, each scatterer resonates and interacts with
the elastic wave, thereby suppressing the propaga-
tion of the elastic wave and generating a band gap.
In the acoustic wave incident process, the resonance
region of multiple cavities and matrix (see Fig. 1c
and d) is equivalent to introducing multiple local
resonators into a lattice cell. Through the strong
coupling between each oscillator, a new form of res-
onance is generated, which achieves a high sound
absorption effect in a larger frequency range.

In addition, the propagation process of longitudi-
nal waves along different media surfaces in this ma-
terial is continuously transformed into shear waves.
The rubber matrix is more prone to volume com-
pression deformation, and the volume deformation
around the interface of different media will be trans-
formed into the shear deformation of the viscoelas-
tic material. It is precisely due to the shear defor-
mation at multiple different interfaces that the in-
cident longitudinal wave is converted into an easily
absorbing shear wave. The sound energy is rapidly
attenuated in the viscoelastic rubber and converted
into heat energy and dissipated, thereby increasing
the internal friction, as shown in Fig. 1e and f. At
the same time, the metal block acts as a vibrator
in it. Its vibration in the rubber matrix not only
directly affects the shape of the mold cavity, but
also increases deformation amplitude of the matrix
rubber in the x, y, and z directions. The shear de-
formation increases the effective loss factor, which
promotes the wave-mode transformation efficiency
in the rubber matrix and improves the sound ab-
sorption performance.

3. Structure design and simulation results

3.1. Structure description

This paper presents an underwater sound-
absorbing metamaterial for low-frequency band-
width. Its three-dimensional and planar structure
is shown in Fig. 3. Figure 3a is the basic structural
unit. Two rectangular metal discs are inserted into
the butyl rubber matrix material, and five cavities
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Fig. 3. Three-dimensional (a, c) and plane
(b) structure of sound-absorbing materials.
The white and green areas represent the cav-
ity and the metal plate respectively. The
geometric parameters for the best sound
absorption coefficient are: hsteel = 10 mm,
hrubber = 210mm, lrubber = 70 mm, hair = 190mm,
d1 = dair = 25 mm, h1 = 125 mm, h2 = 6 mm,
h3 = 5 mm, l1 = l2 = 61 mm, h4 = 45 mm,
h5 = 4 mm, w = 11 mm.

of the same volume are divided into upper, middle,
and lower parts. The upper cavities are cones and
the middle and lower parts are cylinders. The steel
backing is located under the rubber matrix mate-
rial. The vibration of the square metal block in the
rubber matrix not only directly affects the shape
of the cavity, but also can cause more shear de-
formation, thereby indirectly improving the wave-
mode transformation efficiency in the rubber ma-
trix. Figure 3b shows a cross-section of the struc-
tural unit to more intuitively show the size of each
constituent material. The parameters of each mate-
rial are given in Table I.

3.2. Simulation results

In this paper, the acoustic-structure coupling
module of COMSOL Multiphysics 5.4 is used to cal-
culate the sound absorption coefficient. The upper
and lower environments of this model are both wa-
ter, and there are three boundary conditions. The
boundary condition of the solid boundary is that
the normal and tangential stresses are applied con-
tinuously on the solid and the solid boundary, and
the displacement of the particle in each direction
is continuous. The boundary condition of the solid-
water boundary is: the normal stress in the solid
is equal to the sound pressure in the water, but in
the opposite direction; the normal particle displace-
ment is continuous, and the tangential stress and
displacement are both zero. The solid–air boundary
is approximately a free interface, and the condition
is that the normal stress and the tangential stress
are equal to zero. The acoustic structure coupling
module can handle the connection between the solid
vibration and the sound field well.

TABLE IComponent material parameters.

Material
Density
[kg/m3]

Acoustic
velocity
[m/s]

Poisson’s
ratio

Young’s
modulus
[GPa]

water 1× 103 1500 – –
air 1.29 340 – –
tungsten 1.935× 104 – 0.28 360
steel 7.89× 103 – 0.269 206
rubber 1.1× 103 – 0.49 –

We assume that the fluid is an ideal fluid, it has
the characteristics of non-viscosity, uniformity and
zero flow rate. Further, we assume that the density
and pressure remain unchanged [17].

Fluid finite element equation is [24]
[Mp] {p̈}+ [Kp] {p}+ ρ0 [R] {δ̈} = {Φ}, (1)

where [Mp], [Kp] and [R] are the mass matrix, stiff-
ness matrix, and coupling matrix of the whole fluid,
respectively. The density of the fluid medium is ρ0,
{p} is the sound pressure, {δ} is the displacement of
the structural particle, and {p̈} and {δ̈} are the sec-
ond derivative of the sound pressure and displace-
ment, respectively. Now, {Φ} represents the effect
of the sound field in the outer unbounded fluid area
on the fluid interface on the sound field in the finite
fluid area [24]. Moreover, one can write that

[Ms] {δ̈}+ [Ks] {δ} = {F s}+ {F p}, (2)
where {F s} is the equivalent joint load of the struc-
ture under mechanical excitation, and {F p} is the
equivalent joint load of the fluid acting on the struc-
ture. The overall stiffness matrix [Ms] and the over-
all mass matrix [Ks] of the solid structure are gen-
erated by the integration of the element stiffness
matrix and the element mass matrix [24]

[Ms] =
∑
e

∫∫∫
V e
f

dV [Bδ]
T

[D] [Bδ] ,

[Ks] = ρs
∑
e

∫∫∫
V e
f

dV [Nδ]
T

[Nδ] ,
(3)

where Vf represents the fluid domain, [Bδ] is the
strain matrix, [D] is the elastic matrix reflecting
the constitutive relationship of the material, ρs is
the structural material density, [Nδ] is the displace-
ment interpolation shape function matrix, V is the
solid volume.

Combining the boundary conditions, one can de-
duce that
{F p} = {R}T{p}. (4)

The substitution of (4) into (3) provides the follow-
ing equation [24]

[Ms] {δ̈}+ [Ks] {δ} − {R}T{p} = {F s}. (5)
For the boundary condition {Φ} of the external
boundary of the fluid domain, taking into account
the incident, reflection and transmission of acoustic
waves, the external boundary of the fluid at the in-
cident end face and the transmission end face are
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written as S− and S+, respectively. In turn, the
equivalent nodal loads of the sound pressure gradi-
ent at the incident end face and the transmission
end face are written as {Φ−} and {Φ+}, respec-
tively. Let[

C−] = 4d1d2

[
A−]T [D]

[
A−] [C+

]
=

4d1d2

[
A+
]T

[D]
[
A+
]
, (6)

where 2d1 and 2d2 are the lengths of the unit struc-
ture in the x and y directions, respectively. The
overall matrixes [A−] and [A+] are obtained by in-
tegrating the unit matrices

1

2d1
· 1

2d2

∫
S−
e

dS {e i (knxx+kmyy)}NM×1{Np}T
(7)

and
1

2d1
· 1

2d2

∫
S+
e

dS {e i (knxx+kmyy)}{Np}T, (8)

where knm represents the mode of each order of ax-
ial waves.

Now, {Φ} can be written as

{Φ} =
{
{Φ+} {0} {Φ−}

}
=

2{Φi}
{0}
{0}

+

 [C−] {0} {0}
{0} {0} {0}
{0} {0} [C+]

 {p}. (9)

Let

[CΦ ] =

 [C−] {0} {0}
{0} {0} {0}
{0} {0} [C+]

 (10)

and {C0} = {2{Φi}T, {0}T, {0}T} keep the se-
quence order of the fluid nodes corresponding to
the elements in [Mp], [Kp] and [R]. They are con-
sistent with the sequence order of the fluid nodes
corresponding to the elements in {Φ}. Then the
fluid-structure coupling finite element equation of
the entire system is organized as[

− [R]
T

[Ks]− ω2 [Ms]

[Kp]− [CΦ ]− ω2 [Mp] −ρ0ω
2 [R]

]{
{p}
{δ}

}
=

{
{F s}
{C0}

}
. (11)

The boundary conditions satisfied by the node dis-
placement {δ} and the fluid node voltage {p} of the
periodic element structure are

{χS3
} = {χS1

}e iψx ,

{χS4} = {χS2}e i (ψ∆x+ψy),

{χC2
} = {χC1

}e iψx ,

{χC3
} = {χC1

}e i (ψ∆x+ψy),

{χC4} = {χC1}e i (ψx+ψ∆x+ψy),

(12)

where S1, S2, S3, S4 refer to the boundary sur-
face of the periodic unit, C1, C2, C3, C4 refer to
the boundary line of the periodic unit, χ repre-
sents δ or p, and ψx = −2d1k sin(θ) cos(ϕ), ψy =
−2d2k sin(θ) cos(ϕ), ψ∆x = −(∆x)k sin(θ) cos(ϕ).

In the fluid-solid structure equation, each ma-
trix is first divided into blocks according to the
nodes corresponding to the elements. Then, com-
bined with the boundary conditions, (11) can be
written as
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{pS1
}

{pS2}
{pC1

}
{pIn}


{δS1}
{δS2
}

{δC1}
{δIn}




= 2



{0}
{Z1}
{Z}2
{Z3}
{Z4}




. (13)

Let us take N = (2Mx + 1) (2My + 1) nodes on
the outer boundary of the fluid and establish N
equations for the relationship between node coor-
dinates and sound pressure. By solving (13), the
displacement and sound pressure of each node in

the element can be obtained. The sound pressure of
the reflected wave and incident wave on the bound-
ary, S− and S+, are expressed with a finite number
of steps in the form of a matrix, i.e.,


pr (xi, yi) =

Mx∑
n=−Mx

My∑
n=−My

Rpnm e− i (knxxi+kmyyi−knmz−) = {E(i)
r }1×N{Rpnm}N×1,

pi (xi, yi) =
Mx∑

n=−Mx

My∑
n=−My

T pnm e− i (knxxi+kmyyi−knmz+) = {E(i)
t }1×N{T pnm}N×1,

(14)
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Fig. 4. Control group structure and parameters: (a) is not including the metal disk, (b) is the cavity on the
cylinder.

where i = 1, 2, 3, · · ·N . In (14), pr and pt are the re-
flected and transmitted sound pressure of nodes, re-
spectively,Rpnm and T pnm are the reflected and trans-
mitted sound pressure amplitude of the (n,m)-order
when the sound pressure amplitude of incident wave
is the unit value, and{

{E(i)
r } = {e− i (knxxi+kmyyi−knmz−)},

{E(i)
t } = {e− i (knxxi+kmyyi−knmz+)},

(15)

for (n = −Mx : 1 : Ms, m = −My : 1 : My).
From the perspective of acoustic energy calcula-

tion, the reflection or transmission coefficient can
be expressed as

r = 1
N

√∑
n

∑
m
R2
nm,

t = 1
N

√∑
n

∑
m
T 2
nm.

(16)

Therefore, the expression of the sound absorption
coefficient is

α = 1− |r|2 − |t|2 . (17)

4. Results and discussion

4.1. Comparison with similar structural models

In order to highlight the high sound absorption
performance of this material at low frequencies,
we provide four control groups as a comparison,
as shown in Fig. 4. Control group A (CG1) does
not include the tungsten metal disks, control group
B (CG2) has only two tungsten metal disks, the
top cavities of control group C (CG3) are cylin-
ders, and control group D (CG4) has only cavi-
ties and the upper tungsten metal disk. In addition,

other geometric dimensions and material properties
are the same as the present structure. The sound
absorption performance comparison of the present
structure and the above four structures between 0
and 300 Hz are shown in Fig. 5. It can be seen
in Fig. 5b that the sound absorption effect of rub-
ber with metal disks is very weak. The combina-
tion of cavities and metal disks can significantly
improve the absorption coefficient, indicating the
local resonance mechanism for absorption. After re-
placing the top cylinder cavities with the conical
ones, the overall acoustic absorption coefficient be-
tween 140 and 300 Hz is increased, which results in
the absorption mechanism of wave-mode transfor-
mation. The results comparison between the present
structure and control group D shows that the ad-
dition of the vibrator can also improves the sound
absorption performance between 140 and 300 Hz.
The sound absorbing coefficient of the present meta-
material reaches above 0.7 within 45 to 300 Hz
bandwidth and remains more than 0.9 within 110
to 300 Hz bandwidth. At 100 Hz, the thickness of
the structure is only 1/68 of the length of the acous-
tic wave in water, which proves that the structure
has the characteristics of “small size control large
wavelength” in an underwater environment.

4.2. The influence of geometrical parameters on
sound absorption performance

Based on the above-mentioned optimal sound ab-
sorption coefficient structural parameter model, the
influence of geometric parameters on the sound
absorption performance between 0 and 300 Hz is
analyzed.
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Fig. 5. Comparison of sound absorption coefficient
between the present structure and the four control
groups in the frequency range of 0–300 Hz.

Fig. 6. The effect of changing the cavity height on
the sound absorption coefficient.

Figure 6 shows the effect of cavity height h1

on the sound absorption performance, which varies
from 112 to 130 mm. It can be seen that the spe-
cific cavity height significantly improves the sound
absorption coefficient. When h1 = 116 and 124 mm,
the average sound absorption coefficient of the
structure in 300 Hz is the best, and it remains
above 0.5 in the 21 to 300 Hz frequency band-
width. The sound absorption coefficient reaches the
peak value 0.88 at 100 Hz when the height h1

is 116 mm. It shows that as the height of the cavity
increases, the relative position of the upper vibra-
tor in the structure changes, and the relative vol-
ume of the upper rubber also gradually increases,
causing the resonance and antiresonance frequen-
cies to shift to high frequencies, thus affecting the
low-frequency sound absorption effect. But the in-
crease in the height of the cavity also increases the
contact area between the cavity and the rubber ma-
trix, which means that more shear deformation and
sound wave scattering are introduced, and the wave-
mode transformation efficiency is improved. There-
fore, h1 = 116 and 124 mm show that the high
sound absorption effect is balanced by the joint
action of the local resonance and the wave-mode
transformation mechanism.

Fig. 7. The effect of changing the cavity diameter
on the sound absorption coefficient.

Fig. 8. The effect of the thickness of the upper vi-
brator on the sound absorption coefficient.

In addition, considering the influence of the cavity
diameter, when dair increases from 14 to 22 mm, the
overall sound absorption effect continues to increase
in the range of 20–300 Hz, as shown in Fig. 7. When
the diameter dair are 18 and 20 mm, the sound
absorption coefficient first increases and then de-
creases and tends to be stable. When dair = 14 mm,
the sound absorption first increases, later it stabi-
lizes. The overall absorption performance for dair =
14 mm is higher than that of 16 mm. The sound
absorption coefficient for dair = 22 mm increases
more rapid between 50 and 200 Hz than other fre-
quencies. The reason for the above phenomena is
that the larger the diameter dair in a certain range,
the larger the volume of the cavity and the contact
area with the rubber matrix, which means that the
resonance frequency of the cavity moves to the low-
frequency as the volume increases, and at the same
time under conditions, more wave-mode transfor-
mations will occur, transforming longitudinal waves
into transverse waves that are easily absorbed by
the rubber matrix, and improving the sound ab-
sorption coefficient.

Figure 8 shows the effect of the thickness of
the upper vibrator on the sound absorption per-
formance. As the thickness of the upper metal disc
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changes from 30 to 70 mm, the structure exhibits
different sound absorption effects, indicating that
changing the thickness, that is, changing the mass
of the metal vibrator, will cause the resonance
frequency of the structure to change accordingly.
When the thickness of the upper metal vibrator is
h4 = 45 and 60 mm, the structure maintains high
sound absorption performance in the 21 to 300 Hz
frequency bandwidth. It is worth noting that when
the thickness of the upper vibrator is h4 = 60 mm,
the sound absorption coefficient in 0 to 75 Hz is
slightly higher than that of h4 = 45 mm, indicat-
ing that the increase in the thickness of the upper
metal vibrator as the internal mass will shift the res-
onance frequency to low frequencies. However, the
sound absorption coefficient of h4 = 45 mm in the
75 to 300 Hz frequency bandwidth is higher than
the former, reaching above 0.9, indicating that the
resonance frequency in this case is also higher than
the former.

5. Conclusion

In this paper, a metal vibrator and a cavity-
containing rubber sound-absorbing material are
combined, and based on the principles of local res-
onance, wave-mode transformation and scattering,
an underwater sound-absorbing metamaterial suit-
able for 0 to 300 Hz is proposed. The results of the
COMSOL software simulation show that the sound
absorption coefficient of this material in the fre-
quency range of 45 to 300 Hz can be maintained
above 0.7, and the best sound absorption coeffi-
cient can reach 0.99. Finite element method analy-
sis revealed the influence of different parameters on
the sound absorption effect of the material under 0
to 300 Hz, and explained that the combined effect of
the local resonance, wave-mode transformation and
sound wave scattering mechanism made a great con-
tribution to the high sound absorption performance
of the structure. These conclusions are of great
significance to the design of low-frequency sound-
absorbing units. This design has potential applica-
tion value in using underwater acoustic structure to
reduce acoustic reflectivity and realize underwater
acoustic wave absorption.
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