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A coordinate transformation theory for the acoustic cloak design based on
pentamode material was proposed by Norris in 2008. This theory avoids the
problem of infinite density at the inner boundary of the inertial cloak, but the
structural design of the pentamode material was difficult to be achieved. In
order to solve this manufacturing problem, a design scheme of a low scattering
cloak with only a few layers of polyurethane materials was proposed in this
study. First, the material parameter distribution of the acoustic cloak was
obtained based on the coordinate transformation theory. On this basis, the
material parameter distribution in the two-dimensional annular acoustic cloak
was derived by using linear mapping. Through simulation comparison between
the uncovered acoustic cloak and covered acoustic cloak, the equivalent
scattering characteristics of obstacles covered with the acoustic cloak were
significantly reduced, which shows that anisotropic concealed materials have
obvious advantages in acoustic control. When the thickness was given and the
frequency was fixed, the sound pressure field of the cloak was simulated under
the condition of uniform stratification. With the increase in the number of layers,
the stealth effect was better, and the complexity of the preparation of
metamaterials was increased. In order to obtain the cloak structure with a
simple structure and good stealth performance, the BP neural network genetic
algorithm and sound field finite element modeling were used. The minimum
scattering area was taken as the optimization goal, and we tried to find the
design scheme of a low scattering cloak with only a few layers of polyurethane
materials. The optimization results show that when the target frequency is
2 KHz and the number of cloak layers is five, the optimized scattering area is 73%
less than that of the uniformly layered structure. This shows that anisotropic
stealth materials have obvious advantages in sound control. This study can
guide the cell configuration design of polyurethane materials in different
positions and greatly simplify the complexity of the manufacturing process
of stealth materials.
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1 Introduction

Wave is a common form of material movement and energy
propagation in nature. When it passes through the interface of
two different media, the wave will refract and change the original
propagation direction. Through the design of materials and
structures, the wave propagation process is adjusted, which
has a very broad application prospect in daily life, engineering
applications, military weapons, and other fields [1]. In the past
15 years, researchers at home and abroad have carried out
extensive research on acoustic cloaks. An acoustic cloak is
based on the principle of coordinate transformation, which is
derived from the transformation theory of wave regulation
design proposed by Pendry of Imperial College of Technology
and Leonhardt of St. Andrews University in 2006 [2]. The theory
directly gives the relationship between the wave propagation path
and the distribution of material properties, but the required
material properties are often harsh, which can only be
achieved by using materials with special physical parameters.
The unique properties of artificially prepared metamaterials
complement the transformation method, greatly expanding
the selection space of material properties and providing a
material basis for realizing wave control based on the
transformation theory [3]. With the deepening of acoustic
cloak research, solid pentamode materials have the inherent
broadband of
resonance mechanism, and can be skillfully combined with

adaptability, characteristics independent
the transformation principle to cause people’s interest in
research [4, 5]. A new transformation acoustic theory was
established by Norris based on the research of pentamode
materials in 2008 [6], that is, using pentamode materials to
control sound waves.

The traditional acoustic stealth method is used to cover the
target surface with a coating to reduce the reflected intensity of
sound waves through energy dissipation or other mechanisms.
The acoustic cloak is different from the traditional acoustic
stealth mechanism. The acoustic cloak is a device to make
covered objects invisible. It is difficult to detect covered
objects by detecting sound waves. Through ingeniously
designing the physical parameters of the cloak and controling
the acoustic wave propagation path so that it does not contact the
target object in the cloak, the pentamode acoustic invisibility
cloak based on transformation acoustics greatly reduces the
scattering effect of the object and achieves the acoustic
invisibility of the object. According to the transformation
theory, the anisotropy of the required materials is non-
uniform and cannot be prepared at present, so the material
parameter distribution needs to be simplified. The current
method is to simplify the cloak with the non-uniform
distribution of overall material parameters into a layered
structure with multi-layer uniform material parameters, which
greatly reduces the difficulty of realizing the acoustic cloak while
ensuring similar stealth effect. However, an interface is generated
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due to delamination, which affects the invisibility of the cloak. It
is of great theoretical and practical significance to study the
influence of delamination on the invisibility of the cloak.

The advantages and disadvantages of the inertial cloak and
pentamode cloak were compared and analyzed by Scandrett et al.
[7, 8], and a design method of the inertial pentamode cloak was
proposed based on the characteristics of inertial materials and
pentamode materials. On this basis, they studied the spherical
invisibility cloak made up of layered pentamode materials. By
the of
corresponding to different radial mappings, an optimized

comparing distribution material  parameters
mapping relationship was obtained by Gokhale et al. [9] so as
to minimize the overall anisotropy of materials in the cloak. The
influence of layered factors was studied by Zhang Xiangdong
et al. [10], such as the number of covering layers and the layer
thickness distribution on the stealth performance of the
cylindrical cloak, and the influence of the layer thickness
distribution on the stealth performance was calculated when
the cloak thickness is constant. Their main research idea is to
optimize the stiffness and density of the layered invisibility cloak
so as to improve the invisibility performance of the acoustic cloak
at the frequency point or even at the frequency band. However,
they did not consider the method to obtain the required
pentamode material parameters through a microstructure
design.

With the development of pentamode material technology,
domestic and foreign researchers have gradually carried out
research on the optimization design of the pentamode
material microstructure and material preparation [11, 12].
Laser technology and 3D printing technology to prepare
pentamode materials were used by B i ckmann et al. [13, 14]
and Kadic et al. [15-17], and their stealth performance was
analyzed and calculated. The pentamode material microstructure
was designed by Laymen et al. [18], combining functional with
material microstructure design, and based on this, the cell
configurations at different positions of the annular pentamode
stealth cloak were designed. Based on the metal water structure
proposed by Norris [19], Hladky Hennion et al. [20] selected
metal aluminum as the material to design the flat acoustic
focusing lens. The microstructure of the aluminum-based
pentamode acoustic invisibility cloak was designed by Chen
et al. [21], and numerical simulation on the microstructure
cloak was carried out to verify the invisibility performance of
the acoustic cloak. The geometric parameters of the cell to obtain
a pentamode material cell structure were adjusted by Tian et al.
[22] to achieve the stealth performance of the pentamode cloak.
A solid microstructure annular underwater acoustic cloak with a
special gradient of modulus anisotropy was designed by Chen
et al. [23], and its stealth performance was verified through
experiments.

The molecular structure of polyurethane materials is highly
designable. Materials with different physical and chemical
properties can be obtained by adjusting the proportion of soft
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(A) The virtual space of acoustic cloak coordinate transformation. (B) The physical space of acoustic cloak coordinate transformation.

and hard segments in the materials, grafting, copolymerization,
and blending. In addition, the structure of microphase separation
in the materials makes polyurethane have good energy loss
performance. In this study, a polyurethane material was used
to prepare the stealth structure, and the acoustic transformation
theory was used to calculate the parameter distribution of each
layer of the cloak. The simplified model of the layered acoustic
cloak was simulated by COMSOL, and its stealth effect was
obtained. Then an optimization method based on finite element
modeling combined with the BP neural network genetic
algorithm was proposed to study the influence of the cloak
layer thickness distribution on the stealth performance, and
we tried to find the layered structure with good stealth effect
on the premise of less layers so as to provide reference data for the
design and preparation of a polyurethane stealth material
structure.

2 Theory of an underwater sound
absorber

2.1 Parameter distribution of the
underwater sound absorber

At present, researchers at home and abroad get the
corresponding parameter distribution according to the
coordinate transformation theory, and then design the
acoustic cloak [24-30]. Figure 1 is a schematic of the
coordinate transformation of the acoustic cloak. The virtual
space X shown in Figure 1A is mapped to the physical space
x shown in Figure 1B through the mapping function. In addition
to w™, the mapping between virtual space and physical space is

out

one-to-one. Outside the areas Q°* and w°*, the mapping method
shows identical transformation, and the density is p,, acoustic

medium with bulk modulus of K.
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By designing the material parameters of the w area, the
sound wave can bypass the w™ area, and at the same time,
ensure that the sound pressure fields of the Q°* and w°"
areas are the same so as to realize the acoustic stealth
function of the w™ area.

Assuming that the outer boundaries of virtual space Q and
physical space w are the same, rectangular coordinate systems
XOY and xoy are established, respectively, and the mapping
function is x = x (X). The stealth gradient of the virtual space is
defined as

2 ox

poox_[ox oY @
x| oy oy
0X oY

The mapping relationship can be deduced as follows:
Vx =F'-V,Vx =]V, (J7'F) @

where ] is the Jacobian determinant of F.
The fluid sound pressure control equation of the virtual
space is
V(X) = =" Vxp (X) P (X) = Ko Vx - v(X) 3)
where v is the velocity vector and p is the fluid sound pressure.
By introducing the operator mapping in formula (2) into
formula (3) and introducing the passive symmetric second order

tensor S (satistying ST =S, V-S = 0), the following can be
obtained:

p(X) =-KoJVs- (J7'F-v(X))
=-KoJS: V,- (J7IS - F-v(X)), (4)
JISTE-v(X) = —p' SIS F - Vi p(X)
=—p J'ST-F-F' -V, p(X)
=—(p," J'ST-F-FT .SV, (p(X)S) (5
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Schematic diagram of coordinate transformation of two-dimensional annular cloak.

The elastic matrix of the underwater acoustic absorber
material has only one non-zero eigenvalue, which is
expressed as in the tensor form. In the x-coordinate
(4, 5), the
parameter distribution of the acoustic cloak in the physical

system, according to Formula material

space can be obtained as follows:

pzp‘;l]_ls_l'F'FT'S_l
K=KoJ
C=KS®S

(6)

2.2 Annular acoustic cloak design

For acoustic cloaks with special shapes such as two-
dimensional annular and three-dimensional spherical shells,
the circular transformation area (0 < R < b) in the virtual
space can be mapped to a minimal annular area (a<r < b) in
the physical space through coordinate transformation, as shown
in Figure 2.

Polar coordinate systems were established in both virtual and
real spaces, considering the following mapping relationship
between the virtual space (R, ¢) and the real space (r,0).

r (r=b)
R=14 f(r) (a<r<b)ep=0 (7)
é (r=a)

In order to avoid the problem of parameter singularity, a
minimal positive parameter § < 1 is usually selected to make the
boundary conditions of radial mapping meetb = f (b),§ = f (a).

Under this mapping relationship, the transformation matrix
F and its Jacobian determinant J can be expressed as follows:

1
f) r
F = =det F=—F————— 8
o UM e @
f(n)
Frontiers in Physics

04

In the annular symmetric structure, the coordinate variable
tensor between the virtual space and the physical space is
symmetric, and the special stress tensor can be constructed in
the form of $ = J7'F . Then the material parameter distribution
in the two-dimensional annular acoustic cloak can be derived by
bringing it into Formula (6):

_ Pof’(rif(r) f() _K rf'(r)

)Kr:KOrf,(r): 0= Of(f')

P &)
where K, is the radial stiffness of the material and Ky is the
circumferential stiffness of the material.

According to the density distribution formula, it can be
concluded that the quality of the acoustic cloak was the same
as that of the background medium. Evidently, if other objects to
be invisible were placed in the internal cavity area, the invisibility
cloak will not be suspended in the background medium.

The mapping methods between virtual space and physical
space include equal density mapping, equal modulus
mapping, and linear mapping. The first mapping requires
the widest range of anisotropy values, the second mapping
requires the widest range of density values, and the third
mapping requires a moderate range of both values. Therefore,
this study focuses on the performance of acoustic cloaks based
on linear mapping.

The range of the acoustic cloak in the physical space is a circle
with an internal radius of a and an external radius of b. After the
acoustic cloak transformation, the range in the virtual space was a
circle with an internal radius of 6 and an external radius of b, and
its circumferential angle belongs to an identical transformation,
while the radial radius length of b-6 was linearly mapped from
the radius length of b-a. Based on the definition of linear
mapping, the linear mapping coordinate transformation
function is derived as follows:

fr)=¢&r+n

where & = (%), n= (gj—s)b.

(10)
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(A) The scattered pressure field without cloak covering with frequency of 2 kHz. (B) The total sound pressure field without cloak covering with

frequency of 2 kHz.

Equation (10) is substituted into equation (9) to obtain the

distribution equation of cloak parameters using linear mapping,
which can be written in the following form:
P:Po{'( >,Kr:K0£< >>K9:K05( ) (11)

3 Analysis of stealth performance of
underwater sound absorbing
materials

&r

&r+y

&r+y
&r

&r+y

3.1 Acoustic field simulation results and
comparison

Finite element simulation software COMSOL was used to
simulate the case of plane wave incident on an aluminum
cylinder in an ideal infinite fluid medium, and then the total
sound field and scattering sound field of the aluminum cylinder
were analyzed after plane wave incidence. In this example, the three-
dimensional cylindrical problem is simplified to a two-dimensional
annular problem, which can effectively reduce the calculation load.

The simulated area is a square area with a side length of 5m,
and there is an aluminum cylinder with a radius of 0.3 m in the
center. The plane acoustic wave with a frequency of 2 kHz is
incident from the left port of the area. In order to simulate the
propagation characteristics of the plane acoustic wave in the ideal
infinite fluid medium, in COMSOL physical field analysis, the
four sides of the square area are selected when setting the
boundary condition of “plane wave radiation,” which can
make the plane wave directly pass through the boundary
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without any reflection so as to simulate the infinite fluid. In
this example and the following sound field simulation covering
the acoustic cloak, the fluid medium in the background is water
(py = 1000 kg/m?, Ko = 2.25 GPa).

Figure 3 shows the sound field distribution diagram of the plane
sound wave without cloak covering with a frequency of 2 kHz when
it hits the cylinder from the left. Figure 3A shows the scattering
sound field distribution of a plane wave when it is interfered by a
cylinder. Figure 3B shows the total sound pressure distribution of a
plane sound wave when it is incident and scattered by a cylinder. It is
the result of the superposition of the background sound pressure and
the scattering sound pressure. The scattering effect at the front and
back of the cylinder was serious, leading to bending and
displacement of the wave front, and the intermittent scattering
sound pressure distribution at the upper and lower sides made
the wave front fractured.

Under the same conditions, the 10-layer acoustic cloak was
covered on the obstacle. The sound field distribution in the flow
area was studied, and its stealth ability was verified. The inner
radius of the acoustic cloak is a = 0.3 m, and the outer radius is
b =1 m. After coordinate transformation, the target object with a
radius of 0.3 m covered by the cloak is transformed into an
equivalent scattering feature that is only equivalent to a circular
microarea with a radius of § = 0.06 m. The thickness of each layer
of the cloak is 0.07 m, and the material parameters of each layer
were obtained by substituting the radius of the center line of each
layer into the linear mapping function and the calculation
formula for the distribution of stealth material parameters.

The sound pressure distribution of the acoustic cloak
covering 10 layers can be seen in Figure 4. The acoustic cloak
with linear mapping has a certain acoustic stealth effect, and the
aluminum cylinder is almost free of pressure. It can be seen from
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FIGURE 4

(A) The scattered pressure field covering 10 layers of acoustic cloak when the frequency is 2 kHz. (B) The total sound pressure field covering 10

layers of acoustic cloak when the frequency is 2 kHz.

the scattering sound pressure diagram that there is still a
relatively weak scattering effect in front of the cloak and
behind the cloak. The scattering effect on both sides of the
cloak was small. The compression distribution of the sound
track inside the cloak was relatively uniform. The equal sound
pressure lines at the inner boundary were not concentrated. The
interaction with obstacles was very small, and its acoustic stealth
performance was affected little by the inner boundary.

3.2 Evaluation of acoustic cloak’s hiding
ability

At present, the method of layered discrete and parameter
equivalent was adopted in the preparation of the invisibility
cloak, and the material parameters of each layer will directly
affect the invisibility effect of the cloak. In order to quantitatively
describe the invisibility of the cloak, the dimensionless parameter
scattering cross-section ¢ is defined to describe the invisibility
effect of the invisibility material.

(12)

where E; is the acoustic energy incident on the surface of the
stealth material and Ej, is the scattered acoustic energy.

3.3 Comparison of cloak stealth ability
under different layers

For a layered design of the acoustic cloak, the number of
layers is an important factor to be considered. Under the
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condition that the thickness of the cloak is constant and the
frequency is 2 kHz, the stealth performance of the cloak with
different layers was studied. The sound field simulation results
are shown in Figure 5.

Figure 5 shows the sound field diagram of uniform
layering when the number of layers of the acoustic cloak is
10, 20, and 40 at the frequency of 2 kHz. It can be seen from
the scattering sound pressure diagram that with the increase
of the number of layers N, the backscattered wave was
significantly weakened, and the disturbance of the scatterer
to the sound wave was getting smaller and smaller. When the
number of layers of the acoustic cloak is 40, the stealth effect is
better.

It can be seen from Table 1 that when the frequency is
constant, the cloak thickness is the same, and the layers are evenly
layered. With the increase in the number of layers N, the
scattering cross-sectional value becomes smaller, and the
stealth effect becomes better. However, due to the limited
thickness of the cloak, the preparation difficulty will also
increase significantly. Moreover, too few layers make the
cloak’s stealth performance difficult to meet the use
requirements. Therefore, the reasonable number of layers
selected is of great significance to the practical application of
the acoustic cloak.

4 The layered optimization of the
acoustic cloak based on the BP neural
network genetic algorithm

It can be seen from the previous discussion that when the
frequency is constant, the thickness of the cloak is the same,
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(A) Schematic diagram of sound field when the number of acoustic cloak layers is 10 when the frequency is 2KHz. (B) Schematic diagram of
sound field when the number of acoustic cloak layers is 20 when the frequency is 2KHz. (C) Schematic diagram of sound field when the number of
acoustic cloak layers is 40 when the frequency is 2KHz.
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TABLE 1 Comparison of stealth effects of different layers.
Frequency\N 10 20 40

2 kHz 8.6116 E-04 3.9345 E-04 2.214E-04

and the cloak is evenly layered, the number of layers of the
cloak increases, the stealth effect is better, and the complexity
of metamaterial preparation is also increased. The
parameters of the stealth material vary unevenly with the
radius, and the process of solving the scattering sound field is
complex, so it is difficult to abstract a clear function
expression of the scattering sound pressure. We hope to
discuss the influence of the layer thickness distribution on
the total acoustic scattering cross section of the layered cloak
with the help of the optimization algorithm, and we try to
design a low scattering cloak with only a few layers of
polyurethane.

Many optimization algorithms have been proposed,
including particle swarm optimization, genetic algorithm,
and artificial neural network. Genetic algorithm has high

10.3389/fphy.2022.1080667

efficiency in solving the global optimal solution, but has
insufficient ability in local search. Particle swarm
(PSO)
programming, high precision, and fast convergence, but

optimization has the advantages of easy
it is prone to premature convergence and poor local
optimization ability. Artificial neural network has the
ability of adaptive learning and memory association,
and is good at solving complex nonlinear problems, but
its convergence speed is slow. In this study, the
optimization algorithm combining the BP neural
network and genetic algorithm is adopted, and genetic
algorithm is used as the weight and structure training
method of the BP neural network algorithm. Combining
the advantages of both, the convergence speed and
Taking the
minimum scattering cross section as the optimization

calculation accuracy are improved.
objective, the BP neural network genetic algorithm is
run in MATLAB, which is the acoustic module to
simulate and calculate the scattering cross section of
the cloak by COMSOL, and the layer thickness
distribution corresponding to the best stealth effect was

obtained through iterative calculation.
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TABLE 2 Layer thickness of the cloak after and before optimization.

N After optimization

Internal diameter/mm

External diameter/mm

Before optimization

Internal diameter/mm

External diameter/mm

1 0.3 0.4009 0.3 0.44
2 0.4009 0.5315 0.44 0.58
3 0.5315 0.6820 0.58 0.72
4 0.6820 0.8477 0.72 0.86
5 0.8477 1 0.86 1
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(A) The scattered pressure field after cloak structure optimization. (B) The total sound pressure field after cloak structure optimization.
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TABLE 3 Material distribution of the polyurethane underwater sound absorber.

N Density/(kg/m?) Shear modulus/(MPa) Poisson’s ratio Bulk modulus/(MPa)
1 355.36 0.1 033 1326
2 755.76 0.1 033 1326
3 1,036.57 0.1 033 1326
4 1,229.10 0.1 033 1326
5 1,365.27 0.1 033 1326

4.1 Establishment of the optimization
model

This study selects a cloak with a frequency of 2 kHz and
five layers of acoustic cloak to optimize the layer thickness
distribution with the goal of optimal stealth performance.
The function extreme value optimization of the neural
network genetic algorithm is mainly divided into two
steps: BP neural network training fitting and genetic
algorithm extreme value optimization. The algorithm
flowchart is shown in Figure 6. A suitable BP neural
network was constructed according to the characteristics
of the optimization function. A total of 1,000 groups of
radius values of each layer and corresponding scattering
cross-sectional values calculated by COMSOL were
imported to the BP neural network, of which 800 groups
were selected as the training samples of the BP neural
network, and the remaining 200 groups were used as the
prediction input of the trained BP neural network. The
prediction results of the trained BP neural network are
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used as individual fitness values during the optimization
of the extreme value of the genetic algorithm, and the
global optimal values and corresponding input values of
the function are found through selection, crossover, and
mutation operations.

The optimization model in this study has four input
parameters and one output parameter, so the BP neural
network structure is 4-11-1. A total of 1,000 groups of
input and output data of the function are taken, of which
800 groups of data are randomly selected to train the network,
200 groups of data are selected to test the network
performance, and then the trained network is used to
predict the output.

The real number encoding method was used to encode
individuals in the genetic algorithm. Since the number of
input parameters of the optimization function is four, the
proposed individual length is 4. The fitness value of the
individual is set as the prediction value of the BP neural
network. When the fitness value is smaller, the individual is
better. The selection operator, crossover operator, and mutation
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operator are consistent, with a crossover probability of 0.4 and a
mutation probability of 0.2.

4.2 Result analysis

Figure 7 shows the convergence curve of the optimization
algorithm. In the early stage of calculation, the convergence is
fast, and the optimal value is basically reached in about
20 generations. The radius distribution obtained by
optimization calculation is 0.3, 0.4009, 0.5315, 0.6820, 0.8477,
and 1 m. Table 2 shows the layer thickness parameters of the
cloak after optimization and before optimization. Figure 8 is the
schematic diagram of the optimized sound field. Compared with
the material distribution and sound field schematic diagram of
the cloak before optimization (Figure 9), it can be seen that the
cloak scattering effect decreases when compared with the average
layer thickness. By comparing the acoustic field before and after
optimization, it can be seen that the impact of the optimized
incident plane wave is smaller and the scattering effect is weaker.
The scattering cross area of the optimized layer thickness
distribution is ¢ = 3.3 x 107 and that of the uniform layer
thickness is o = 1.23 x 1072 After structural optimization, the
scattering cross area of the cloak is reduced by 73%.

Based on the optimization simulation results of COMSOL, the
density, shear modulus, Poisson’s ratio, and bulk modulus parameters
of each layer of the stealth material are obtained as shown in Table 3
so as to prepare a polyurethane underwater sound absorber.

5 Conclusion

The acoustic cloak has become a new and popular research
direction in the field of scientific research in the past decade, and
has a very broad application value in medical, civil engineering,
military, and other fields. The acoustic cloak designed by
combining pentamode materials with the coordinate
transformation theory provides a feasible method for sound
wave control. Due to the limitation of objective conditions
such as preparation technology, the acoustic cloak needs to be
discretized into several pentamode material layers during design
and manufacture. In order to obtain the best stealth ability, this
study takes the two-dimensional annular acoustic cloak as the

research object, uses COMSOL acoustic field simulation, and
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