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Abstract: The acoustic absorption characteristics of anechoic coatings attached to the surface of
underwater vehicles are closely related to their acoustic stealth. Owing to the essential property of
local resonance, the narrow sound-absorption band cannot meet the underwater broadband sound
absorption requirements. To this end, a multi-mechanism synergistic composite acoustic structure
(MMSC−AS) was designed according to the integration of multiple acoustic dissipation mechanisms
in this paper. Then, the acoustical calculation model for MMSC−AS was developed by using the
graded finite element method (G-FEM), and the feasibility and the correctness of the established acous-
tical calculation model were verified. The underwater sound absorption behaviors of MMSC−AS
were studied, and the optimization of the sound absorption characteristics of the MMSC−AS was
also carried out. The results indicated that the calculation accuracy of the G-FEM was better than that
of the FEM under the condition of the same mesh elements. Moreover, there were many sound wave
regulation mechanisms in the MMSC−AS, and the synergy between the mechanisms enriched the
mode of sound acoustic energy dissipation, which could widen the absorption band with effect. This
study provides theoretical and technical basis for breaking through the challenge of low-frequency
and broadband acoustic structure design of underwater vehicles.

Keywords: underwater sound absorption; multi-mechanism synergistic; low-frequency broadband;
graded finite element method

1. Introduction

The anechoic coating is a key technology that can simultaneously suppress the struc-
tural echo and vibro-acoustic response, and it is widely used in acoustic stealth technology
for underwater vehicles. With the advancement of active sonar detection [1,2], the detection
level of active sonar is constantly improving, and the detection frequency band is gradually
expanding to a low frequency. Nevertheless, for the conventional acoustical structure, it
is difficult to meet the requirements of acoustic stealth for underwater vehicles, so the
acoustic structure with perfect low-frequency and broadband sound absorption is the key
to improving and optimizing the acoustic target intensity of underwater vehicles.

Rubber, polyurethane, and other polymer materials are widely used in traditional
anechoic coating, and sound waves can be absorbed by the friction of molecular segments
inside the viscoelastic material that dissipates the energy of sound waves. According to
different acoustic structures and acoustic absorption mechanisms, underwater acoustic
structures can be classified as homogeneous polymer acoustic materials [3–5], particle-filled
acoustic structures [6–8], cavity resonance acoustic structures [9–11], and gradient acoustic
structures [12–14].

The proposal of phononic crystals (PCs) has provided novel research means for the
control of low-frequency acoustic waves in recent years [15,16]. Afterward, Li et al. [17]
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designed a new type of acoustic structure composed of soft rubber localized vibrators
distributed in the water matrix, and the concept of acoustical metamaterials was explic-
itly proposed. Acoustic metamaterials (AMs) are artificial materials with extraordinary
acoustic properties possessed by natural materials, such as the negative equivalent mass
density [18,19]. AMs exhibit new physical effects, which can be used to regulate the re-
fraction, scattering, and absorption of sound waves, thereby achieving different acoustic
functions, and have good application prospects [20–26]. Veselago et al. [27–29] studied
the wave propagation properties of waves in metamaterials and materials with a negative
index of refraction, also called left-handed or metamaterials, and the extraordinary physical
properties of metamaterials were further explained.

The application of AMs also is extended to the study of underwater acoustic properties
due to the favorable acoustic properties of AMs in air. Based on the extraordinary physical
properties of AMs, many studies on the acoustic properties of AMs have been carried
out. Zhao et al. [30–35] revealed the sound-absorption mechanism of PCs and system-
atically studied the regulation of the sound absorption performance of local resonance
PCs. Zhang et al. [36–38] embedded a periodic thin-plate into two layers of rubber, which
significantly broadened the sound absorption band. Jiang and Chen [39–42] designed a
locally resonant phononic woodpile and studied the bandgap and acoustic characteristics
of the phononic woodpile structure. Gao et al. [43–45] designed many types of AMs and
achieved excellent underwater acoustic characteristics. In addition, many experimental
studies on the underwater acoustic absorption performance of acoustic metamaterials have
been conducted [46–48], and it was further demonstrated that acoustic metamaterials had
excellent underwater sound absorption performance.

Low-frequency sound waves can be controlled by the physical characteristics of
AMs, which provides a novel technical direction for the design of new small-scale anechoic
coatings. However, the narrow absorption band restricts its underwater acoustic absorption
application for its intrinsic physical properties inside AMs. From the perspective of the
sound absorption mechanism, how to broaden the absorption band of AMs and achieve
strong sound absorption simultaneously is the key to achieving underwater low-frequency
and broadband sound absorption. Generally, the means to widen the absorption band of
AMs are limited at present, so it is necessary to conduct further investigation on the acoustic
mechanism of broadband sound absorption. In this paper, a new type of MMSC−AS
is designed considering the multi-mechanism synergistic effect in an effort to improve
narrowband sound absorption, such as local resonance, multi-resonator coupling resonance,
cavity resonance, and functionally graded materials (FGMs). The G-FEM is employed to
develop the acoustic model of the MMSC−AS, and the feasibility of establishing acoustic
models by the G-FEM is verified. On this basis, the underwater sound absorption behaviors
and mechanism of MMSC−AS are studied, and the regulation law of the MMSC−AS is
explored. Finally, the sound absorption characteristics of the MMSC−AS are optimized in
terms of material and geometric parameters.

2. Acoustic Model and Calculation Method
2.1. Model of MMSC−AS

Considering the cavity resonance acoustic structure (CRAS), multi-resonator coupling
resonance acoustic structure (MCRAS), and FGMs, the MMSC−AS was devised by com-
bining with the sound characteristics of the three acoustic structures. A diagram of the
underwater sound-absorption physical model of the MMSC−AS is shown in Figure 1. It
can be observed that the matrix was composed of gradient layers 1 and 2, wherein gradient
layer 1 contained multi-layered spherical resonators and cylindrical cavities and gradient
layer 2 contained the single spherical resonators and cylindrical cavities. In addition, the
multi-layered resonators were connected with each other through the coating layers, and
the resonators and cavities were alternately and periodically arranged along the x direction,
and the resonators (or cavities) arranged periodically along the y direction. The MMSC−AS
was applied on the surface of the steel plate, and the other side of the steel plate, there
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was a semi-infinite water domain. The sound wave incidents were vertically along the
thickness of the MMSC−AS.
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Figure 2. Cross-sectional view of a unit cell of the MMSC−AS on the xoz plane. 

  

Figure 1. Underwater physical model of the MMSC−AS.

A diagram of a unit cell of the MMSC−AS on the xoz plane is shown in Figure 2. The
thickness of gradient layer 1 is h1, and the radii of the multi-layered coating layers and
spherical resonators are ri (i = 1–6). The height and radius of the cylindrical cavity are hc1
and rc1, respectively. The thickness of gradient layer 2 is h2, and the radii of the single
spherical resonator and coating layer are r7 and r8, respectively. The height and radius of
the cylindrical cavity are rc2 and hc2, respectively. Additionally, the thickness of the steel
plate is hs, and the distance between adjacent cavities in each layer is a1 + a2. The FGMs
proposed in this paper were synthesized from epoxy and inorganic fillers. The gradient
indices of gradient layers 1 and 2 are P1 and P2, respectively. The materials of the coating
layer and resonators are soft rubber and steel, respectively.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 3 of 20 
 

 

resonators and cavities were alternately and periodically arranged along the x direction, and 
the resonators (or cavities) arranged periodically along the y direction. The MMSC−AS was 
applied on the surface of the steel plate, and the other side of the steel plate, there was a 
semi-infinite water domain. The sound wave incidents were vertically along the thickness 
of the MMSC−AS. 

……

x

z

o
Incidence wave

Air

Water

Gradient layer 2

Steel backing

Resonator

Coating layer

Gradient layer 1

 
Figure 1. Underwater physical model of the MMSC−AS. 

A diagram of a unit cell of the MMSC−AS on the xoz plane is shown in Figure 2. The 
thickness of gradient layer 1 is h1, and the radii of the multi-layered coating layers and spher-
ical resonators are ri (I = 1–6). The height and radius of the cylindrical cavity are hc1 and rc1, 
respectively. The thickness of gradient layer 2 is h2, and the radii of the single spherical res-
onator and coating layer are r7 and r8, respectively. The height and radius of the cylindrical 
cavity are rc2 and hc2, respectively. Additionally, the thickness of the steel plate is hs, and the 
distance between adjacent cavities in each layer is a1 + a2. The FGMs proposed in this paper 
were synthesized from epoxy and inorganic fillers. The gradient indices of gradient layers 1 
and 2 are P1 and P2, respectively. The materials of the coating layer and resonators are soft 
rubber and steel, respectively. 

Incidence wavex

z

o

h1

hs

h2

2rc1

2rc2
hc2

hc1

a1 a2

r7

r8

r2
r3
r4r5

r6
r1

 
Figure 2. Cross-sectional view of a unit cell of the MMSC−AS on the xoz plane. 

  

Figure 2. Cross-sectional view of a unit cell of the MMSC−AS on the xoz plane.

2.2. Acoustic Calculation Model for MMSC−AS

Assuming that the fluid satisfies incompressibility and uniformity, the wave equation is:

1
c2

∂2 p
∂t2 −∇

2 p = 0 (1)
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where c donates sound speed, p is sound pressure, and t is time.
The equation can be expressed by finite element discretization for the fluid domain [43]:

M f
..
p + K f p + ρ0R

..
u = f (2)

where Kf and Mf are the stiffness matrix and mass matrix, p is the sound pressure vector, R
describes the fluid–structure coupling, u is the node displacement of the structure at the
fluid–structure coupling surface, f is the fluid load vector, and ρ0 is the density of water.

The relationship between the stress σ and strain ε can be written as [49]:

σx
σy
σz
σyz
σxz
σxy

 =



C11 C12 C13 0 0 0
C12 C22 C23 0 0 0
C13 C23 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66





εx
εy
εz
εyz
εxz
εxy

 (3)

where Cij are stiffness factors related to coordinates, which can be written as:

C11 = C22 = C33 = λ(x, y, z) + 2µ(x, y, z) (4)

C12 = C13 = C23 = λ(x, y, z) (5)

C44 = C55 = C66 = µ(x, y, z) (6)

where λ and µ are Lame constants.
The Lagrange functional of FGAS can be determined based on kinetic energy T and U:

L = T −U + W + W f (7)

where Wf is the work performed by the fluid load and W is the work performed by
mechanical loads.

Equation (7) can be expressed as follows according to Hamilton’s principle:

δ
∫ t1

t0

(
T −U + W + W f

)
dt = 0 (8)

By variating Equation (8), we can obtain:

Ms
..
u + Ksu−RTp = Fm (9)

where Ks and Ms are the stiffness matrix and mass matrix of the structure and Fm is the
mechanical load vector.

The mass matrix and the stiffness matrix are derived as:

Ms =
e

∑
1

Me
s =

e

∑
1

y

Ve

STρ(x, y, z)SdVe (10)

Ks =
e

∑
1

Ke
s =

e

∑
1

y

Ve

BT
δ C(x, y, z)BδdVe (11)

where S is the shape function vector of structural elements and Bδ represents the first-order
partial derivative vector of the shape function.
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The acoustic–solid coupling equation of the FGAS can be given by:[
Ks −ω2Ms −RT

−ρ0ω2R K f −Cφ −ω2M f

]{
u
p

}
=

{
Fm
f

}
(12)

Considering the periodicity of resonators and voids inside FGAS, the periodic bound-
ary condition of sound pressure and displacement is expressed as:

χ
(

x + dx, y + dy, z
)
= χ(x, y, z)ejdxk sin θ cos ϕejdyk sin θ sin ϕ (13)

where χ denotes the sound pressure p of fluid nodes or displacement u of structure nodes,
and dx and dy are the lattice sizes of a unit cell in the x and y directions, respectively.

Afterward, the sound transmission coefficient T and sound reflection coefficient R can
be calculated by:

R =

√
∑

k2
mn>0

|Rmn|
2 (14)

T =

√
∑

k2
mn>0

|Tmn|
2 (15)

The backing of the steel plate is a semi-infinite air domain. Thus, the transmission
coefficient T = 0, and the sound absorption coefficient (SAC) of the FGAS is determined as:

α = 1− R2 (16)

3. Numerical Results and Analyses
3.1. Acoustic Model Validation

The material parameters of the FGMs were obtained by the Voigt model [50,51]:

ξ f = ξ1V1 + ξ2V2 = (ξ1 − ξ2)V1 + ξ2 (17)

where ξ donates material parameters.
V1 is the volume fraction of each material h and can be described as:

FGMI(a/b/c/P) : V1 = [1− a(
z
h
) + b(

z
h
)

c
]
P

(18)

FGMII(a/b/c/P) : V1 = [1− a(1− z
h
) + b(1− z

h
)

c
]
P

(19)

where P is the gradient index and h is the thickness of FGMs. The spatial distribution of
component materials is jointly determined by the distribution parameters a, b, and c.

The schematic diagram of stratification for FGMs is shown in Figure 3, and the thick-
nesses of gradient layers 1, 2, and the steel plate are h1 = 30 mm, h2 = 30 mm, and hs = 10 mm,
respectively. Then, gradient layers 1 and 2 are evenly stratified into n1 and n2 thin layers,
respectively. The distribution of the material properties of the matrix of the MMSC−AS
along the thickness direction is shown in Figure 4. The material properties of each compo-
nent of the MMSC−AS are listed in Table 1, which were the same as those in ref. [49]. The
sound speed and density of water were c = 1489 m/s and ρ0 = 1000 kg/m3.
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Figure 4. The gradient distribution of the material properties of the matrix of the MMSC−AS along
the z direction.

Table 1. Material parameters of MMSC−AS.

Materials Density
(kg/m3)

Young’s
Modulus

(Pa)

Poisson’s
Ratio Loss Factor

Impedance
match layer Epoxy 1100 1.4 × 108 0.49 0.6

Functionally
graded layer

Epoxy 1100 1.4 × 108 0.49 0.6

Inorganic
fillers 1700 3.4 × 108 0.49 0.6

Steel plate
backing Steel 7800 2.07 × 1011 0.3 0

As displayed in Figure 3, gradient layers 1 and 2 can be evenly divided into
n1 = n2 = 1000 thin layers. The acoustic coefficients obtained through the transfer ma-
trix method (TMM), FEM, and G-FEM are displayed in Figures 5 and 6. It can be found
that the acoustical coefficient curves obtained through the FEM and G-FEM were consistent
with those obtained through the TMM. It proves that the G-FEM computation program is
correct (The program runs in software Python2.7). However, the deviations between the
TMM and FEM were obvious in the high frequency when P1 = 5.0 and P2 = 5.0, while the
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acoustic coefficients obtained through the G-FEM were consistent with TMM in the high
frequency. Therefore, the accuracy of the G-FEM was better than that of the FEM when the
number of mesh elements was the same.
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Figure 6. Acoustic coefficients calculated by TMM and GFEM.

3.2. Sound Absorption Characteristics of the MMSC−AS

In Figure 2, the thicknesses of gradient layers 1 and 2 and the steel plate were set as
h1 = 30 mm, h2 = 30 mm, and hs = 5 mm, and the radii of multi-layered spherical resonators
and coating layers were r1 = 12 mm, r2 = 11 mm, r3 = 9.5 mm, r4 = 8.5 mm, r5 = 7 mm,
r6 = 6 mm, r7 = 12 mm, and r8 = 10 mm, respectively. The geometrical parameters of the
cavity were rc1 = 8 mm, hc1 = 20 mm, rc2 = 12 mm, and hc1 = 20 mm, and the lattice constants
were set as a1 = 30 mm and a2 = 30 mm. The SAC of the MMSC−AS could be obtained on
the basis of the acoustic calculation model.

Figure 7 shows the SAC curves of the MMSC−AS with the changes in P1 and P2. The
SAC of the MMSC−AS at low frequencies was not affected by the changes in P1 and P2,
while those in the high-frequency range increased with the increase in the gradient index.
Therefore, the sound absorption band of the MMSC−AS could be broadened by increasing
the gradient index.

When P1 = 5.0 and P2 = 5.0, the vibration mode of MMSC−AS at various frequencies
is shown in Figure 8. It can be seen that, when f = 1010 Hz, corresponding to the first sound
absorption peak (SAP), the vibration energy is mainly concentrated in the resonators in
the low-frequency range, and the modulation of MMSC−AS on sound waves is mainly
through the local resonance of resonators. As the frequency increases, when f = 1210 Hz
and f = 1710 Hz (the second SAP), the vibration energy is mainly concentrated on gradient
layers 1 and 2, the steel plate, and resonators, respectively, and the sound waves are
modulated by the bending vibration of gradient layer and steel plate, coupling resonance
between the multi-resonator and cavity resonance. In contrast, in the high-frequency
range, when f = 4110 Hz (the third SAP) and f = 9110 Hz, the structural vibration energy
was mainly concentrated in gradient layer 1, and the effect of MMSC−AS on sound
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waves was mainly through the bending vibration of gradient layer 1, which converted
longitudinal waves into transverse waves. Therefore, the synergistic effect between the
mechanisms enriched the sound wave modulation modes because of the multiple sound
wave modulation mechanisms inside the MMSC−AS, and the sound absorption band
could be broadened with effect.
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Figure 7. SAC of the MMSC−AS with the changes in P1 and P2.
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To illustrate the synergistic mechanisms effect of local resonance, multi-resonator
coupling resonance, and cavity resonance in the MMSC−AS, the geometric model of a cell
of the FGAS with only resonators or cavities is displayed in Figure 9a,b, and the geometric
parameters of the resonators and cavities in Figure 9a,b are the same as those in Figure 2.
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Figure 9. Composite functionally graded acoustic structure containing resonator and cavity structure.

The SAC curves of the three acoustic structures under various gradient indexes are
displayed in Figure 10. By comparing the SAC of the three acoustic structures, the sound
absorption performance of the FGAS with resonators was better than that of the FGAS
with cavities at low frequencies, while the sound absorption characteristics of the FGAS
with cavities were better than those of the FGAS with resonators at high frequencies. The
MMSC−AS combined the characteristics of the FGAS with cavities and resonators. Due to
the local resonance of resonators, the sound absorption characteristics of MMSC−AS were
better than those of FGAS with the cavity at low frequencies.
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3.3. The Effects of Sound Absorption Characteristics

The effects of P1 and P2 on the SAC of MMSC−AS were studied. The effect of P1 on
the SAC of the MMSC−AS is displayed in Figure 11. The sound absorption characteristics
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of the MMSC−AS at low frequencies were not affected by the change in P1, the frequency
of the first SAP was almost unchanged, and the second and the third SAPs moved to high
frequencies.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 10 of 20 
 

 

the local resonance of resonators, the sound absorption characteristics of MMSC−AS were 
better than those of FGAS with the cavity at low frequencies. 

  
(a) P1 = 0.5, P2 = 0.5 (b) P1 = 1.0, P2 = 1.0 

(c) P1 = 2.0, P2 = 2.0  (d) P1 = 5.0, P2 = 5.0 

Figure 10. Comparison of SAC of the three acoustic structures. 

3.3. The Effects of Sound Absorption Characteristics 
The effects of P1 and P2 on the SAC of MMSC−AS were studied. The effect of P1 on 

the SAC of the MMSC−AS is displayed in Figure 11. The sound absorption characteristics 
of the MMSC−AS at low frequencies were not affected by the change in P1, the frequency 
of the first SAP was almost unchanged, and the second and the third SAPs moved to high 
frequencies. 

  
(a) P2 = 0.5 (b) P2 = 1.0 

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

Multi-mechanism
Cavity
Rensonators

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

Multi-mechanism
Cavity
Rensonators

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

Multi-mechanism
Cavity
Rensonators

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

Multi-mechanism
Cavity
Rensonators

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

P1=0.5, P2=0.5
P1=1.0, P2=0.5
P1=2.0, P2=0.5
P1=5.0, P2=0.5

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

P1=0.5, P2=1.0
P1=1.0, P2=1.0
P1=2.0, P2=1.0
P1=5.0, P2=1.0

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 11 of 20 
 

 

  
(c) P2 = 2.0 (d) P2 = 5.0 

Figure 11. SAC of the MMSC−AS with the change in P1. 

Figure 12 shows the effect of P2 on the SAC of the MMSC−AS. The acoustic character-
istics of the MMSC−AS at low frequencies were not affected by P2, and the frequency corre-
sponding to the first SAP was almost unchanged. However, the second and third SAPs 
moved to the low frequency, and the absorption coefficients of the MMSC−AS in the high-
frequency band remained unchanged. 

  
(a) P1 = 0.5 (b) P1 = 1.0 

  
(c) P1 = 2.0 (d) P1 = 5.0 

Figure 12. SAC of the MMSC−AS with the change in P2. 

According to the vibration mode of the MMSC−AS displayed in Figure 8, the energy of 
structural vibration was mainly concentrated in resonators at low frequencies, and the mod-
ulation of MMSC−AS on sound waves was mainly through the local resonance of resonators. 
Therefore, the gradient indexes P1 and P2 of the matrix material had no effect on the sound 
absorption performance of the MMSC−AS at low frequencies. At the frequency correspond-
ing to the second SAP, the effect of the MMSC−AS on sound waves mainly occurred through 
the bending vibration effect of functional gradient layers 1 and 2, multi-vibrator coupling 

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

P1=0.5, P2=2.0
P1=1.0, P2=2.0

P1=2.0, P2=2.0
P1=5.0, P2=2.0

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

P1=0.5, P2=5.0
P1=1.0, P2=5.0
P1=2.0, P2=5.0
P1=5.0, P2=5.0

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

P1=0.5, P2=0.5
P1=0.5, P2=1.0
P1=0.5, P2=2.0
P1=0.5, P2=5.0

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

P1=1.0, P2=0.5
P1=1.0, P2=1.0
P1=1.0, P2=2.0
P1=1.0, P2=5.0

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

P1=2.0, P2=0.5
P1=2.0, P2=1.0
P1=2.0, P2=2.0
P1=2.0, P2=5.0

0 2 4 6 8 10
Frequency (kHz)

0

0.2

0.4

0.6

0.8

1

P1=5.0, P2=0.5
P1=5.0, P2=1.0
P1=5.0, P2=2.0
P1=5.0, P2=5.0

Figure 11. SAC of the MMSC−AS with the change in P1.

Figure 12 shows the effect of P2 on the SAC of the MMSC−AS. The acoustic charac-
teristics of the MMSC−AS at low frequencies were not affected by P2, and the frequency
corresponding to the first SAP was almost unchanged. However, the second and third
SAPs moved to the low frequency, and the absorption coefficients of the MMSC−AS in the
high-frequency band remained unchanged.
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Figure 12. Cont.
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According to the vibration mode of the MMSC−AS displayed in Figure 8, the energy
of structural vibration was mainly concentrated in resonators at low frequencies, and
the modulation of MMSC−AS on sound waves was mainly through the local resonance
of resonators. Therefore, the gradient indexes P1 and P2 of the matrix material had no
effect on the sound absorption performance of the MMSC−AS at low frequencies. At the
frequency corresponding to the second SAP, the effect of the MMSC−AS on sound waves
mainly occurred through the bending vibration effect of functional gradient layers 1 and 2,
multi-vibrator coupling resonance effect, and cavity resonance effect. Additionally, at the
peak frequency corresponding to the third SAP frequency, the effect of MMSC−AS on
sound waves mainly occurred through the bending vibration of gradient layer 1 and cavity
resonance. It can be seen that, with the increase in P1, the equivalent stiffness of gradient
layer 1 increased, causing the second and third SAPs to move to the high frequency. In
addition, the increase in the equivalent Young’s modulus of gradient layer 1 increased the
acoustical impedance of the material and enhanced the dissipation of the high-frequency
sound wave.

Similarly, increasing P2 decreased the equivalent stiffness of gradient layer 2. Therefore,
increasing P2 caused the second and third SAPs of the MMSC−AS to move to lower
frequencies. The change in P2 did not affect the material properties of gradient layer 1, so
the SAC of the MMSC−AS at high frequencies remained unchanged. Additionally, the
second SAP of the MMSC−AS shifted to lower frequencies, which enhanced the coupling
between the first and second SAPs, increasing the absorption coefficient of the first SAP.

The change in the SAC of MMSC−AS with the cavity radius rc1 is shown in Figure 13.
It can be found that, as the cavity radius rc1 of gradient layer 1 increased, the sound
absorption performance of the MMSC−AS at low frequencies was almost unaffected, and
the frequency of the first SAP was almost unchanged. However, the second and the third
SAPs both shifted to lower frequencies, which increased the value of the first SAP, and the
absorption coefficients of the MMSC−AS decreased at high frequencies.
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Figure 14 displays the effect of the cavity radius rc2 of gradient layer 2 on the SAC of
the MMSC−AS under various gradient indexes. With the increase in the cavity radius rc2
of gradient layer 2, the frequency corresponding to the first SAP was almost unchanged,
and the second SAP moved to lower frequencies. Furthermore, the third SAP moved to
lower frequencies with the increase in the cavity radius rc2 of gradient layer 2, and the
sound absorption performance of the MMSC−AS at high frequencies was rarely affected.
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Figure 14. The changes in the SAC of MMSC−AS with cavity radius rc2.

The modulation of the MMSC−AS on sound waves mainly occurs through the local
resonance of resonators at low frequencies. Therefore, the change in cavity radii rc1 and
rc2 of the matrix in the gradient layers 1 and 2 had no effect on the sound absorption
performance of the MMSC−AS at low frequencies. The second and third SAPs of the
MMSC−AS moved to lower frequencies with the increases in the cavity radius rc1, while
the second SAP of the MMSC−AS moved toward the lower frequencies with increases in
the cavity radius rc2. The second SAP of MMSC−AS shifted to lower frequencies, which
enhanced the coupling between the first and second SAPs, increasing the value of the first
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SAP. In addition, the energy dissipation for high-frequency sound waves occurred through
material damping, and the acoustical impedance of the matrix decreased with the increase
in the cavity radius rc1 of gradient layer 1. Therefore, the increase in the cavity radius rc1
reduced the SAC of the MMSC−AS at high frequencies.

The effect of the resonator distribution of gradient layers 1 and 2 on the SAC of the
MMSC−AS was investigated, and the schematic diagram of MMSC−AS with different
resonator distribution forms is shown in Figure 15. It can be seen that both gradient layers
1 and 2 contained a single resonator, as shown in Figure 15a, named S-S. As shown in
Figure 15b, gradient layer 1 contained a multi-resonator, while gradient layer 2 contained
a single resonator, named M-S. As for Figure 15c, both gradient layers 1 and 2 contained
multi-resonators, named M-M, and it was named S-M for the MMSC−AS displayed in
Figure 2. The filling rate and geometric parameters of the resonators of the four units were
the same, respectively.
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When P1 = 5.0 and P2 = 5.0, the SAC of the MMSC−AS with different resonator
distributions are displayed in Figure 16. It can be found that, when the multi-resonator
was embedded in gradient layer 1, the frequencies corresponding to the first and second
SAPs of the MMSC−AS were basically unchanged compared with S-S, and the absorption
coefficient of the MMSC−AS increased at high frequencies. In Figure 16b, when the multi-
resonator was embedded in gradient layer 2, the first and second SAPs of MMSC−AS
moved to higher frequencies, while the frequency corresponding to the third SAP basically
remained unchanged compared with S-S, and the absorption coefficient of the MMSC−AS
at high frequencies basically remained unchanged. By comparing S-M with M-M, it can be
observed from Figure 16c that, when the distribution of resonators inside gradient layer
1 was changed, the acoustic absorption behavior of the MMSC−AS at low frequencies
was basically not affected. Additionally, the third SAP moved to higher frequencies, and
the SAC of the MMSC−AS at high frequencies increased. In contrast, by comparing M-S
with M-M, it can be found from Figure 16d that, when the distribution of resonators inside
gradient layer 2 changed, the first and second SAPs of the MMSC−AS moved to higher
frequencies.
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3.4. Optimization of Sound Absorption Characteristics

The optimization of the sound absorption characteristics of MMSC−AS was carried
out based on the Nelder–Mead algorithm. The objective function of the Nelder–Mead
algorithm is not required to be differentiable, and the algorithm can be applied when the
objective function is discontinuous or error exists [52]. This algorithm is usually applied
to nonlinear optimization problems where the derivative of the objective function may
be unknown. The objective function of the acoustic performance optimization of the
MMSC−AS can be expressed as

f ind : x = (P1, P2, rc1, rc2, hc1, hc2, E, ρ, ν, η)
obj(x) = maxα0.5kHz−10kHz

S.t.xmin ≤ x ≤ xmax

(20)

where x represents the design variables and obj(x) donates the objective function.
According to the sound absorption characteristics analysis in Section 3.2, the cavity

radii rc1 and rc2 of gradient layers 1 and 2 were important considerations affecting the
sound absorption characteristics of the MMSC−AS. Taking the geometric parameters
of the cavity of the MMSC−AS as variables, the range of geometric parameters for the
cavities of gradient layers 1 and 2 and the selection of initial values are shown in Table 2.
Taking P1 = 2.0, P2 = 2.0 and P1 = 5.0, P2 = 5.0 as examples, the optimization of the sound
absorption characteristics is carried out in software COMSOL5.6, and the optimal solution
of the geometric parameters and the SAC after optimization can be achieved.

Table 2. The ranges of geometric parameters and initial values.

Variables rc11/mm rc12/mm hc1/mm rc21/mm rc22/mm hc1/mm

Range [3, 10] [3, 10] [10, 25] [3, 12] [3, 12] [10, 25]

Initial value 8 8 20 12 12 20
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When gradient indexes P1 = 2.0 and P2 = 2.0, the geometric parameters of MMSC−AS
after optimization were rc11 = 4.4 mm, rc12 = 4.4 mm, hc1 = 25.0 mm, rc21 = 10.2 mm,
rc22 = 9.7 mm, and hc2 = 22.1 mm, and the comparison of SAC before and after optimiza-
tion of the MMSC−AS is shown in Figure 17a. When gradient indexes P1 = 5.0 and
P2 = 5.0, the geometric parameters of the MMSC−AS after optimization were rc11 = 6.2 mm,
rc12 = 6.2 mm, hc1 = 21.1 mm, rc21 = 10.5 mm, rc22 = 8.8 mm, and hc2 = 25.0 mm. A compari-
son of SAC of MMSC−AS before and after optimization is displayed in Figure 17b.
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As shown in Figure 17, the average SAC of the MMSC−AS in the range of 0.1–10 kHz
was approximately 0.8298 (P1 = 2.0, P2 = 2.0) and 0.8269 (P1 = 5.0, P2 = 5.0) by optimizing
the geometric parameters of the cavities of gradient layers 1 and 2, respectively. In addition,
by optimizing the geometric parameters of the cavities of gradient layers 1 and 2, the sound
absorption characteristics of the MMSC−AS were obviously improved at high frequencies,
but the sound absorption characteristics at low frequencies were almost unchanged. This
was mainly due to the fact that the effect of the MMSC−AS on sound waves was mainly
through the local resonance of resonators. Therefore, optimizing the geometric parameters
of the cavities of gradient layers 1 and 2 had almost no influence on the sound absorption
behavior of the MMSC−AS at low frequencies.

The material parameters to be optimized are listed in Table 3. The geometric param-
eters of MMSC−AS were invariant, which is the same as the data in Figure 2. The value
range of material parameters to be optimized and the selection of initial values are shown
in Table 3, and the optimization of structural parameters of MMSC−AS was carried out.

Table 3. The range of the parameters of the materials and initial values.

Variables Young’s
Modulus (Pa)

Density
(kg/m3)

Poisson’s
Ratio P1 P2

Range [2.4, 5.4] ×108 [2.1, 4.1] ×103 [0.45, 0.49] [0.5, 5.0] [0.5, 5.0]

Initial value 2.4 × 108 3100 0.45 1.0 1.0

The optimized material parameters were Young’s modulus E = 5.4 × 108 Pa, density
ρ = 2863 kg/m3, Poisson ratio ν = 0.49, gradient indexes P1 = 5.0, and P2 = 4.13, respectively.
The SACs of the MMSC−AS before and after optimization are shown in Figure 18. The SAPs
at low frequencies were almost unchanged, and the third SAP shifted to higher frequencies.
The sound absorption performance of the MMSC−AS at high frequencies was significantly
improved after the optimization of the material parameters of the MMSC−AS. According
to the sound absorption mechanism of the MMSC−AS, the effect of the MMSC−AS on
sound waves mainly occurred through local resonance. Therefore, the optimization of
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material parameters of the MMSC−AS had almost no influence on the acoustic absorption
coefficients at low frequencies.
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Figure 18. SAC of the MMSC−AS before and after material optimization.

When the geometric and material parameters of MMSC−AS were optimized simul-
taneously, the optimized material parameters and geometric parameters were Young’s
modulus E = 5.4 × 108 Pa, density ρ = 3100 kg/m3, Poisson ratio ν = 0.45, gradient index
P1 = 5.0, P2 = 2.0, rc11 = 3.0 mm, rc12 = 3.0 mm, hc1 = 10 mm, rc21 = 3.0 mm, rc22 = 3.0 mm, and
hc2 = 10 mm, respectively. The sound absorption curves before and after the comprehensive
optimization of the MMSC−AS are shown in Figure 19, the frequency corresponding to
the first SAP was almost immutable, the second and third sound SAPs shifted to higher
frequencies after the comprehensive optimization of the SAC of MMSC−AS, and the SAC
increased notably at high frequencies.
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Figure 19. SAC of the MMSC−AS before and after comprehensive optimization.

By comparing the MMSC−AS before and after optimization, the structural equiva-
lent impedance increased as the structural modulus increased and the gradient index P2
decreased after optimization, which is the reason for the SAC of MMSC−AS increasing at
high frequencies. Moreover, the coupling effect between the first and second acoustic peaks
was weakened as a result of the deviation of the second SAP of the MMSC−AS moving to
higher frequencies, which reduced the first SAP value.
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4. Conclusions

In this study, a new type of MMSC−AS was designed on the basis of multiple sound
absorption mechanisms, such as local resonance, multi-resonator coupling resonance,
cavity resonance, and FGMs, and the G-FEM was used to develop the acoustic model of
the MMSC−AS. The following conclusions could be obtained by analyzing the numerical
results systematically.

(1) The accuracy of the G-FEM was better than that of the FEM when calculating the
acoustic coefficients of the FGAS under the condition of the same number of finite
elements meshes;

(2) Owing to the presence of multiple sound wave modulation mechanisms inside the
MMSC−AS, the synergy between various mechanisms enriched the energy dissipa-
tion modes of sound waves, which widened the sound absorption frequency band
with effect, thus achieving the underwater low-frequency and broadband sound
absorption performance;

(3) The MMSC−AS could be regulated by adjusting material or structural parameters
that affect sound absorption characteristics based on the sound wave modulation
mechanism of the MMSC−AS in different frequency bands;

(4) The sound absorption characteristics of the MMSC−AS could be effectively ame-
liorated by optimizing the material or the structural parameters, while the sound
absorption characteristics at low frequencies could be ameliorated by optimizing the
distribution or filling ratio of the resonators.

This study suggests that the low-frequency broadband underwater sound absorption
performance could be achieved by the proposed MMSC−AS, which provides a novel
approach for the practical application in acoustic stealth of underwater vehicles.
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