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Abstract: The plate embedded with acoustic black hole (ABH) indentations is potential for structural
vibration and noise control. This work focuses on the mid- and low-frequency performance of plates
embedded with the array of ABH for energy focalization and vibration and noise suppression. Plates
embedded with two-dimensional ABHs are modelled with detailed Finite Element models, and the
power flow method is introduced to analyze the energy propagation characteristics arising from
the ABH effect. Then, the distribution of average vibration power density along the ABH radius
is studied. Next, the energy dissipation effects of the plate model embedded with the ABH array
with two types of damping layers are investigated. Finally, the sound pressure levels of the ABH
structure are calculated and discussed. This work is helpful to understand the characteristics of plates
embedded with the ABH array in reducing vibration and noise radiation. Results show that the ABH
array can realize more than 100 times energy focalization effect at some frequencies, which indicates
a potential in vibration and noise control when coupled with damping materials.

Keywords: acoustic black hole; vibration control; energy propagation

1. Introduction

There is an increasing need for advanced lightweight and high vibration reduction
structures for a wide variety of applications [1]. In particular, vehicle applications often
demand methods to meet requirements for interior noise and being lightweight. For a car
body, a great deal of damping material is coated to control car interior noise. However, the
damping efficiency of these damping layers are relatively low in most cases, which produces
a contradiction between noise and vibration control and lightweight idea. Fortunately, ABH
(acoustic black hole) structures used in a plate can make the vibration energy concentrate
in specific areas, and using less damping material in such high energy-density areas can
achieve good effect of vibration and noise control. Therefore, body panels containing ABH
indentations can potentially solve this contradiction.

The basic principle of the ABH effect originated from the groundbreaking research
of Mironov [2]. He used analytical methods to study the flexural wave propagation in a
plate terminated by a wedge having a power-law decreasing thickness profile, as shown in
Figure 1. Assuming that the thickness of the wedge end can be reduced to zero, Mironov
found that when the incident flexural wave is propagating along the x axis, its wave speed
will gradually decrease to zero, so that the flexural wave will never reach the end and
is “trapped” in this structure. About 20 years after, Krylov [3] embedded axisymmetric
circular pits with power-law varying thickness into plates, and the concept of this structure
was extended to a two-dimensional case. He found that this two-dimensional structure can
also reduce the speed of flexural waves like the wedge structure and called it “acoustic black
hole”. However, the main problem in utilizing this effect is that an ideal ABH structure
is difficult to be realized because of the existing machining capability, that is, a truncation
must be included to the edge of the plate. As a result, the reflection of the flexural wave
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in the plate greatly increases and the ABH effect remarkably weakens. Fortunately, the
presence of a small amount of damping material on the surfaces of wedges with power-law
profile can reduce the reflection coefficients significantly, despite the truncations [3,4]. In
addition, it has been demonstrated by using experimental investigation [5], and it also
showed appealing potential in sound radiation control [6,7].

Figure 1. Plate with an ideal parabolically tapered edge.

A two-dimensional ABH is materialized by a cylindrically symmetrical indentation of
power-law profile whose exponent is equal or larger than two. An important advantage
of a two-dimensional ABH is that it can be embedded in a plate structure, which can
widen the range of application. Many works on single two-dimensional ABHs have been
done by using an analytical method. Yan et al. [8] and Krylov [9] applied the geometrical
acoustic theory to calculate the beam trajectories in the region of a two-dimensional ABH
structure, and results showed that rays of waves propagated through the two-dimensional
ABH region deflect to its central area. O’Boy and Krylov et al. [10,11] used the exact
solution of the corresponding flexural wave equation to analyze the frequency response
for circular and rectangular plates with and without ABH. They found that, despite the
imperfect thickness profile, two-dimensional ABH structures with appropriate damping
layers can also absorb a substantial amount of wave energy [9–11]. Huang et al. [12]
proposed a numerical integration scheme of the flexural ray equation to predict the ray
trajectories of waves and investigated the wave focalization properties in two-dimensional
ABHs. The plate embedded with a single two-dimensional ABH can address vibration
absorption characteristics at higher frequencies where the plate bending wavelengths are
smaller than the ABH characteristic dimension. However, for the vehicle body structure
demanding better vibration and noise control performance at lower frequencies, the size of
an ABH is limited by the size and shape of body panels. These limit the applicability of
embedded ABHs as vibration and noise control solutions. Fortunately, a ABH array has the
potential to improve the low-frequency vibration control performance of plate structure [5].
To understand the mechanisms of the flexural wave propagating in the ABH area, an
analytical method can be used. However, it is difficult to analyze complex structures by
this method such as a plate embedded with multiple two-dimensional ABHs.

Numerical simulation based on the finite element method (FEM) can overcome the
shortcoming of the analytical method and can be applied to both frequency domain analysis
and time-domain analysis of ABH structures. Conlon et al. [13,14] used the finite element
and boundary element models to investigate the vibration and noise performance of plates
embedded with periodic grids of embedded two-dimensional ABHs, and pointed out that
the periodic ABH array may improve the low-frequency vibration control performance of
the structure. Methods for enhancing low-frequency performance of the ABH effect were
illustrated by Conlon et al. [6,14]. Besides, they also investigated the role that local ABH cell
modes/modal density played in vibration suppression. Huang et al. [15] investigated the
influence of structural parameters on energy focalization positions of the bending wave by
using FEM. Prill et al. [16] established a FE model of a car main floor embedded with 10 ABHs,
and its vibration response under a wind load excitation was studied. Results of simulation
showed that noise reduction was found in the whole frequency range above 200 Hz.

In these studies, most researchers used radiated sound power or vibration acceler-
ation to express the energy focalization characteristics of ABH structures. However, the
visualization research on the vibration energy propagation process in ABH areas is limited
still. In addition, the characteristics of energy propagation in a plate embedded with a
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two-dimensional ABH array have not been investigated systematically. In general, the
systematic theory and method of two-dimensional ABH array design have not yet been
formed, and the research on low-frequency vibration reduction performance of the ABH
array is not enough. Therefore, it is difficult to design body panels by ABH theory which
can achieve both vibration and noise control and be lightweight.

Aiming at these problems, in this paper, a thin-plate embedded with an array of five
ABHs is designed, and its energy propagation and sound radiation performance due to
concentrated load is examined using FEM. The structural intensity is computed in order to
quantitatively evaluate the plate structure’s energy focalization performance. The overall
goal of this work was to develop detailed results for the energy propagation and focalization
effects of the ABH plate, to investigate the energy distribution of the high-energy density
areas of the individual ABH cell of the array, to study the influence of damping materials
and plate boundary conditions on energy propagation, and to explore the sound radiation
performance of the plate embedded with the ABH array. This work has potential for solving
the contradiction between vibration suppression and automobile lightweight, which can
provide a reference for body panel design.

2. Modeling and Simulation Analysis of Plate Embedded with Two-Dimensional
ABH Array
2.1. Finite Element Model of Plate Embedded with ABH Array

According to existing machining capability, an ideal ABH structure is impossible to
be realized. Therefore, typical two-dimensional ABH structures usually contain a hole
or a circular plateau of constant thickness at the center of the indentation [12], that is,
there must be a residual thickness h1 at the bottom of the ABH indentation. The profile
of a two-dimensional ABH indentation is schematically shown in Figure 2. In this paper,
two-dimensional ABHs are embedded in a uniform plate with thickness of h2 = 0.004 m
and the geometry dimension of the plate is 0.5 m × 0.5 m × 0.004 m (length × width ×
thickness). The outer radius of ABH is x2, the thickness of the central plateau (residual
thickness) is h1, its radius is x1 and the power index m is set as 2.2, then the variable ε can
be calculated. The thickness profile of ABH can be described as:

h(x) =
{

h1, x ≤ x1
εx2.2, x1 ≤ x ≤ x2

(1)

Figure 2. A typical two-dimensional ABH indentation.

Cut-on frequency [6] is an indicative frequency at which the wavelength of the incident
bending waves starts to be equal to the characteristic dimension (the diameter in this case)
of the ABH pit. It can be defined as:

fcut−on =
πh

2(RABH)
2

√
Ep

12ρp(1− νp2)
(2)
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where h represents the thickness of the uniform part of the plate; RABH denotes the radius
of the ABH indentation; Ep is the Young’s modulus of the plate material; ρp represents
mass density and νp is the Poisson’s ratio.

According to Equation (2), an ABH indentation with a larger radius will have lower
cut-on frequency and may have better energy focalization performance at lower frequency.
To investigate the potential advantages of the ABH array at lower frequency, 3 plate models
are established, as shown in Figure 3. That is, a plate with a single ABH (Figure 3a), a plate
with an array of five ABHs (Figure 3b) and a plate with a big ABH (Figure 3c). Parameters
h1 and h2 of the big ABH (Figure 3c) are the same as those of the small ABH (Figure 3a). In
addition, Radius x2 of the big ABH is 0.1342 m to ensure that the plate with a big ABH has
the same mass as the plate embedded with 5 ABHs.

Figure 3. FE models of the plate embedded with two-dimensional ABHs: (a) a single ABH, (b) ABH
array with 5 ABHs, (c) a big ABH.

Commercial finite element code Abaqus is adopted for the computation of vibration
response in the plate models subject to a harmonic point force with a value of 1 N and
normal to the surface, as shown in Figure 3. The ABH plates are discretized using C3D8R
solid elements in ABAQUS, which is a first-order element with 8 nodes. The frequency
range is from 5 to 5000 Hz. Finer meshes are used in the central area of the ABHs to ensure
more than ten elements per local wavelength at twice the maximum frequency of interest
and the element size is from 0.1 mm to 1 mm. Moreover, the resulting element numbers
are 1,084,720, 1,420,592 and 1,104,189, and the resulting DOFs are 8,411,952, 11,913,756 and
9,088,884 for the three ABH plates, respectively. The geometric parameters of the small
ABH and the big ABH in this simulation are described in Table 1. The left and right edges
of the plate model are fixed and the material properties of the plate used in this paper are
shown in Table 2.

Table 1. Geometrical parameters of the two-dimensional ABHs in the simulation.

Parameter h1 [m] h2 [m] x2 [m] ε

Small ABH 0.0001 0.004 0.06 4.900 × 10−4

Big ABH 0.0001 0.004 0.1342 8.337 × 10−5

Table 2. Material properties of the plate in the simulation.

Parameter ρp [kg/m3] Ep [GPa] νp η

Value 2710 75 0.3135 0.01

As the ABH array structure is symmetrical, this paper focused on three typical ABHs
in Figure 3b, named ABH(i), ABH(ii) and ABH(iii), respectively. The center of ABH(ii)
is located on the center of the whole plate structure, and the coordinates of ABH(i) are
(xa, ya) = (0.12 m, 0.12 m) relative to ABH(ii), while the relative coordinates of ABH(iii)
are (0.12 m,−0.12 m). The harmonic point force is applied at (0.12 m,−0.21 m) relative
to ABH(ii).
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2.2. Energy Focalization Analysis of Different ABH Configurations

The power flow method is very useful for the investigation of energy propagation in a
structure [17,18], and it can be used to describe the energy distribution and propagation.
The energy focalization in the ABH areas can be analyzed by using the structural power
flow method [15].

Structure power flow represents the energy dissipation ability of the structure per unit
time. The instantaneous power flow is defined as the product of the force and the velocity
in the same direction and phase, and for FE simulation, the stress state at any point in the
elastic body can be represented by six stress components, namely, normal stress σx, σy, σz,
and shear stress τxy, τyz, τzx. Structural intensity defined as power flow per unit area can
be expressed as [19]:

In = −1
2

Re(σnv∗n + τn1v∗1 + τn2v∗2) (3)

where σn represents normal stress in the normal direction; τn1 and τn2 are shear stress in
the direction of 1 and 2, v∗n, v∗1 and v∗2 indicate complex conjugate of velocities in the normal
n, 1 and 2 direction, respectively.

By FE simulation of the plate embedded with ABHs (Figure 3) excited by a harmonic
force, the nodal velocity vector {v} =

{
vx, vy, vz

}
and the nodal displacement vector

{u} =
{

ux, uy, uz
}

(where {u} is {v}/iω) can be calculated. Then, for a single solid
element, the structural intensity of direction x, y and z can be expressed as:

Ix = −ω
2 Im(σxux

∗ + τxyuy
∗ + τxzuz

∗)
Iy = −ω

2 Im(σyuy
∗ + τyxux

∗ + τyzuz
∗)

Iz = −ω
2 Im(σzuz

∗ + τzxux
∗ + τzyuy

∗)

pdi =
√

I2
x + I2

y + I2
z

(4)

where Ix, Iy and Iz indicate the structural intensity in the x, y and z directions, respectively;
pdi is the modulus of structural intensity at a certain node; ω is the circular frequency,
ux
∗, uy

∗ and uz
∗ indicate complex conjugate of displacement in the normal x, y and z

directions, respectively.
Real and imaginary parts of values of stress components σx, σy, σz, τxy, τyz, τzx and

values of displacement components ux
∗, uy

∗, uz
∗ in the frequency domain can be obtained

from FE results. Then, the structural intensity of each node in the ABH central plateau can
be calculated. Higher vibration energy means higher dissipation efficiency when damping
layers are coated. Therefore, the energy focalization ability can describe the performance of
different ABH plates in Figure 3. The vibration energy gathered in the ABH central plateau
as defined in Equation (5) is calculated in the frequency band of 10–5000 Hz, the results are
shown in Figure 4.

Wp f = Sc
∑ pdi

Nc
(5)

where Wp f represents the vibration energy (average power flow) in a certain area per unit
time; pdi represents structural intensity at the ith node; Nc is the number of total nodes at
ABH central plateau and Sc is the area of the central plateau.

The cut-on frequency of the big ABH is 559.5 Hz and that of the small ABH is 2790.5 Hz
according to Equation (2). Figure 4a shows that, in the frequency band of 200–2200 Hz,
the overall level of vibration energy of the central plateau of the big ABH is the highest,
followed by the plate embedded with the ABH array and the plate with a small ABH. Above
the cut-on frequency of the small ABH (2790.5 Hz), the energy focalization performance of
the ABH array is gradually better than that of the big ABH, which shows the potential for
vibration and noise control at high frequencies. However, it can be seen from Figure 4b
that, in the lower frequency band of 50–180 Hz, the first resonant peak of the ABH array is
slightly higher than that of the big ABH and is about 16 dB higher than that of the small
single ABH. In the same frequency band, the other resonant peaks of the ABH array can be
higher than those of the big ABH and single ABH by 1–7 dB. The better energy gathering



Appl. Sci. 2022, 12, 1325 6 of 23

performance may be attributed to the low-order modes of the plate embedded with the
ABH array. For the low-frequency excitation cases, compared with the ABH with a large
radius, the arrangement of the plate embedded with the ABH array is more flexible, which
is conducive to its application in compact structures such as vehicle body panels.

Figure 4. Vibration energy comparison among three ABH plate configurations. (a) 5–5000 Hz,
(b) 5–1050 Hz.

2.3. Analysis of Energy Propagation in Plate Embedded with ABH Array

According to the simulation data of the nodes within each ABH area (ABH(i), ABH(ii)
and ABH(iii)) and Equation (4), the structural intensity Ix, Iy and Iz can be calculated. To
reflect the power flow propagation characteristics in the x–y plane, a series of power flow
transmission graphs can be obtained by using Ix and Iy in MATLAB. In this section, two
boundary conditions (BC 1: right and left edges of the plate are fixed, BC 2: all edges are fixed)
are considered, as shown in Figure 5. For the plate embedded with the ABH array, as shown
in Figure 3b, under two different boundary conditions and at different excitation frequencies
(1000 Hz, 1050 Hz, and 1100 Hz), power flow transmission graphs of ABH(i), (ii) and (iii)
in the x–y plane are shown in Figures A1–A3 in Appendix A. The length of arrows in these
graphs represents the relative magnitude of power flow density (power flow per unit area)
vector, while the orientation of arrows indicates the direction of power flow.
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Figure 5. Two boundary conditions in this work: (a) BC 1: left and right edges of the plate are fixed,
(b) BC 2: all edges of the plate are fixed.

Figures A1–A3 show that the vibration power flows to the ABH area obviously when
passing through. For the ABH plate with both boundary conditions, power flow density
vectors near the central plateau of ABH are obviously larger than those in other positions,
especially in the uniform part of the plate. The power flow transmission graphs with differ-
ent boundary conditions are similar at the frequency of 1000 Hz and 1100 Hz. However, at
1050 Hz, the power flow density vectors in locations other than the central plateau with
BC 2 is much larger than those of the ABH plate with BC 1, which may be due to the
natural frequency. The modal analysis results show that, for the plate with BC 1, its natural
frequencies near 1050 Hz are 1029.1 Hz and 1053.3 Hz; however, the natural frequencies of
the plate with BC 2 near 1050 Hz are 1046.4 Hz and 1053.9 Hz. That is, for the plate with
BC 2, the excitation frequency 1050 Hz is between two close natural frequencies, which
leads to overall vibration of the whole plate. However, even in that case, the ABH area still
gathers a certain amount of energy. That is, the vibration energy is focused on the central
area of the ABH structure and the ABH effect is significant in various excitation frequencies
and boundary conditions.

According to the structural intensity pdi calculated at nodes within ABH areas by Equa-
tion (4), the structural intensity contours of ABH(i), (ii) and (iii) with different boundary
conditions and at different excitation frequencies can be drawn, as shown in Figures A4–A6
in Appendix A. Besides, structural intensity contours of ABHs in corresponding positions
of the plate with two boundary conditions at 1000 Hz, 1050 Hz and 1100 Hz are shown in
Figures A7 and A8 in Appendix A.

Figures A4–A6 show that high structural intensity areas appear near the central plateau
for every ABH pit, which indicates that vibration energy can indeed be focused near the
central areas even if the ABH pit is imperfect. In this way, the damping materials pasted on
such high energy density areas can generate an efficient energy dissipation. Additionally,
the area of high energy density is similar in size under both boundary conditions. As
shown in Figures A7 and A8, although energy focalization is realized in every ABH pit,
the amount of energy focused is related to the position of ABH. For the plate model under
BC 1, most of the vibration energy is focalized to the surrounding four ABHs except in the
case of 1100 Hz. However, for the plate model under BC 2, most of the vibration energy is
focalized to the two ABHs on the lower side except in the case of 1000 Hz.

That is, under certain excitation force, the energy focalization effect of the plate
embedded with the ABH array is related to the excitation frequency, the boundary condition
and the ABH position, which should be studied further.

2.4. Quantitative Analysis of Energy Focalization in the Plate with ABH Array

Sections 2.2 and 2.3 indicate that for the ABH plate, vibration energy can be focused on
some specific areas, which is important for performing efficient vibration and noise control by
using damping materials. To investigate the energy focalization feature at different positions
away from the center of ABH, the quantitative analysis is carried out in this section.
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The top view of the plate embedded with the two-dimensional ABH array is schemati-
cally shown in Figure 6. The distance from the plate center to the reference cross-section
is 0.21 m. In order to study the relationship between the vibration energy density and
ABH radius, particularly for ABH(i), (ii) and (iii) in Figure 6, nodes at 19 different circular
sections with radii from 10 mm to 60 mm are investigated. Besides, the nodes at the circular
section with a radius of 11.22 mm (radius of the central platform) are also selected and
their average vibration power density expressed as Equation (6) are calculated. Model
parameters are set as Sections 2.1 and 2.2 and the plate is under BC 1.

Pad =
∑ pdi

Ns
(6)

where Pad is the average vibration power density; pdi represents the structural intensity at the
ith node, as shown in Equation (4), and Ns is the total number of nodes at the selected section.

Figure 6. Top view of the plate with embedded two-dimensional ABH array.

Then, the ratios of average vibration power density at different circular sections of an
ABH to that at the reference cross-section of the plate are calculated, and by using this ratio,
the focalization characteristics of the vibration energy at circular sections with different
radii in the ABH can be analyzed. To investigate the vibration energy distribution with
ABH radius under excitation frequency 1000 Hz, 1050 Hz and 1100 Hz, and the influence
of natural frequencies, average vibration power density ratios of different circular sections
of ABH(i), ABH(ii) and ABH(iii) at the excitation frequency of 1000 Hz, 1002 Hz, 1050 Hz,
1072 Hz, 1088 Hz, and 1100 Hz are shown in Figures 7–12 (1002.0 Hz, 1072.1 Hz, and
1088.0 Hz are natural frequencies of the ABH plate).

As shown in Figures 7–12, the average vibration power density ratios at different
circular sections in the ABHs are much greater than unity. Particularly, the maximum ratio
value can reach hundreds when the excitation frequency is near the natural frequency of
the plate, which indicates a significant energy focalization effect.

Additionally, several other observations can be made. First, a peak value in the
radius range of 10 mm to 20 mm exists for each curve, and more peaks can be observed in
Figures 11 and 12. That indicates that the vibration energy focalized in the ABH center is
not the largest, which may be caused by the central plateau. As vibration response peak
values at different positions are related to excitation frequency and nearby mode shapes, at
different excitation frequencies, vibration response is various so that the numbers of peaks
are different as well. Second, for all excitation frequencies, the energy focalization of ABH(i)
and ABH(iii) is more effective than that of ABH(ii). In addition, the ratios are relatively low
when the radius of circular section is larger than 30 mm. That is, energy focalization effect
is more obvious within a 30 mm radius for every ABH pit designed in this work, which
provides a reference for using damping layers more effectively.
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Figure 7. Average vibration power density ratios at excitation frequencies of 1000 Hz.

Figure 8. Average vibration power density ratios at excitation frequencies of 1002 Hz.

Figure 9. Average vibration power density ratios at excitation frequencies of 1050 Hz.
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Figure 10. Average vibration power density ratios at excitation frequencies of 1072 Hz.

Figure 11. Average vibration power density ratios at excitation frequencies of 1088 Hz.

Figure 12. Average vibration power density ratios at excitation frequencies of 1100 Hz.

The above observations suggest that the energy focalization effect of a single ABH cell
in the array is related to the excitation frequency, the distance from the ABH center and the
cell position in the plate. Furthermore, for every ABH cell at a certain excitation frequency,
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most of the energy is focalized within a limited area. Therefore, these factors should be
concerned in further research to better design the plate embedded with the ABH array.

3. Effect of Damping Layers in ABH Array on Energy Dissipation and Sound
Radiation of Plate
3.1. FE Model of Plate Embedded with ABH Array with Damping Layers

In this section, two types of damping layers are introduced to investigate the energy
dissipation effect of damping materials coated on an ABH plate. Inspired by the sym-
metrical one-dimensional ABH wedge [3] shown in Figure 13a, the damping layer with a
power-law varying thickness is introduced, as shown in Figures 13b and 14b. In addition,
damping layers in the same mass, but with uniform thickness, are also investigated, as
shown in Figure 14c. The results in Section 2.4 indicate that the energy focalization effect is
more significant in the area within a radius of 30 mm. Therefore, the profile of damping
layers is designed to be symmetrical with that of the ABH and with a radius of 30 mm. The
parameters of the damping layers are shown in Table 3. The FE model of the plate structure
with the two-dimensional ABH array and damping layers is illustrated in Figure 14a. The
weight of the plate with the ABH array and damping layers is 6.88 kg, while that of the
uniform plate with only damping layers is 7.81 kg. That is, the acoustic black holes result
in about 11.9% weight saving.

Figure 13. (a) A symmetrical one-dimensional ABH structure, (b) A two-dimensional ABH indenta-
tion with varying thickness damping layers.

Figure 14. A schematic diagram of the FE model: (a) FE model of plate structure with ABHs and
damping layers; (b) A two-dimensional ABH indentation with varying thickness damping layers;
(c) A two-dimensional ABH indentation with uniform thickness damping layers.

Table 3. Parameters of the damping layer.

Parameter ρp [kg/m3] Ep [GPa] ν Loss Factor

Value 950 5.0 0.3 0.3
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3.2. Energy Dissipation in Plate Embedded with ABH Array with Damping Layers

Figure 14a shows the plate embedded with 5 ABHs coated with damping layers. Sec-
tions A and B are cross-sections of the plate. Vibration energy can be expressed as average
power flow at the given section per unit time, as defined in Equation (5). Consequently, to
evaluate the energy dissipation characteristics of the plate embedded with the ABH array
with different damping layers, the difference of average power flow between section A
(before ABHs) and section B (after ABHs) is calculated.

For the plate embedded with the ABH array, shown as Figure 3b with varying thickness
damping layers, uniform thickness damping layers and without damping layers under
both BC 1 and BC 2, the difference of vibration energy per time unit (average power flow)
between section A and B is calculated in frequency domain, respectively. Additionally, the
vibration energy difference of a uniform plate with the same varying thickness damping
layers with BC 1 is also calculated as a reference. Results are shown in Figures 15 and 16.
Both show that the ABH plate without damping layers has the highest peaks, which
indicates that more energy is gathered within the ABH areas between the two sections.
Moreover, peak values of energy difference decrease obviously after the application of
damping layers because of the energy dissipation effect of damping materials. As a result,
a larger difference means a smaller dissipation effect by the damping layers.

Figure 15. The vibration energy difference of ABH plates embedded with different damping configu-
rations and a reference plate with BC 1.

Figure 16. The vibration energy difference of ABH plates embedded with different damping configu-
rations with BC 2.
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Figure 15 shows that every curve has two peaks, and the vibration energy difference
between sections A and B of the plates embedded with the ABH array with different
damping layers are obviously higher than that of the uniform plate with damping lay-
ers in the range of 980–1060 Hz. This indicates that the energy dissipation efficiency of
damping materials is obviously improved because of the ABHs, particularly in the range
of 1020–1040 Hz. Besides, for plates embedded with the ABH array, the peaks occur at
different frequencies for different damping configurations. This indicates that the damping
materials may change the energy distribution of plate embedded with the ABH array in
the frequency domain to some extent and reduce the frequency at which the ABH array
starts to work. Moreover, due to the energy dissipation of damping layers, the peak energy
difference values of the ABH plate with uniform damping layers and the ABH plate with
varying thickness damping layers are smaller than that of the ABH plate without damping
layers, which means that some energy is dissipated by damping materials. The peak value
of the ABH plate with uniform damping layers is smaller than that of the ABH plate with
varying thickness damping layers, which indicates that the uniform damping layers have a
better energy dissipation effect than varying thickness damping layers in this case.

Similar conclusions can be drawn from Figure 16. First, similar to the ABH plate with
BC 1, every curve has two peaks and the peak values ranging from larger to small is an
ABH plate without damping layers, an ABH plate with varying thickness damping layers
and an ABH plate with uniform damping layers, respectively. Besides, the curves also show
that damping layers change the energy distribution in the frequency domain and reduce the
frequency where the ABH starts to work. Moreover, as the boundary condition is changed,
the frequency corresponding to the first peak is lower than that with BC 1 and the frequency
corresponding to the second peak value is higher than that with BC 1, which means that
boundary condition can also influence the energy distribution in the frequency domain.

Therefore, the energy focalization characteristics of the ABH structure can be used
to achieve effective energy dissipation by using relatively small damping layers, and the
dissipation effect of uniform damping layers is better than power-law profile thickness
damping layers in this case. Besides, damping layers attached to ABH areas and boundary
condition of the plate can change the energy distribution in the frequency domain. At the
same time, the mass of plate with the ABH array is less than that of the uniform plate, so
the contradiction between the plate lightweight and vibration control can be harmonized
to some extent.

3.3. Sound Radiation of Plate Embedded with ABH Array with Damping Layers

To investigate the sound radiation of the plate embedded with the ABH array with
the damping layers, a coupled acoustic-plate system is introduced, as shown in Figure 17,
and the averaged sound pressure level of the top surface of the air field is calculated. At
the same time, a reference acoustic-plate model embedded with the ABH array but without
damping layers is also established and its sound pressure level is also calculated. In this
way, the noise attenuation effect can be analyzed. In this paper, sound radiation simulation
is carried out in COMSOL. Second-order mesh elements are used for acoustic-structure
coupling analysis. The rule of thumb for meshing wave problems is to apply at least five to
six second-order mesh elements per local wavelength in order to resolve waves [20,21], so
the maximum air element size is set to one-sixth of the wavelength. Besides, the thickness
of the air layer is 250 mm and a perfectly matched layer (PML) is used for the boundary
treatment to ensure the complete absorption of sound waves at the boundary. The results
are shown in Figure 18 (pre f = 2× 10−5Pa, plate model under BC 1, with uniform thickness
damping layers).
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Figure 17. The acoustic-ABH plate coupling model.

Figure 18. Sound pressure level of plates embedded with ABH array with/without damping layers.

Figure 18 shows that, for the first peak value in this frequency band, the sound pressure
level of the plate with damping layers at about 956 Hz is below that of the plate without
damping layers for approximately 1 dB. In addition, the second and third peak values
at about 1075–1088 Hz are below these of the plate without damping layers for about
3–4 dB, which shows a significant noise reduction effect in the range of 920–1100 Hz. At the
same time, Figure 15 shows that the plate embedded with the ABH array has a significant
vibration energy dissipation effect in the frequency range of 1020 to 1040 Hz. That is,
the plate embedded with the ABH array with damping layers designed in this paper can
obviously reduce both vibration and noise in that frequency band.

4. Conclusions

In this paper, a plate model embedded with the array of five two-dimensional ABHs
are established. Moreover, the energy propagation characteristics arising from ABH are
analyzed by using FEM and power flow method. Additionally, the energy focalization
effect is studied quantitatively by calculating average vibration power density at different
plate sections. Further, the effects of damping materials and different boundary conditions
on model energy dissipation are also investigated. Finally, the effects of damping layers on
radiated sound power are studied. Conclusions are reached as follows:

(1) In the low frequency range of 50–180 Hz, plate embedded with the ABH array has a
better energy-gathering performance than the plates embedded with a large ABH or a
single ABH.
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(2) For the plate embedded with five ABHs in this paper, the power flow density at the
ABH central area is much higher than that of other areas. However, under certain
excitation force, the energy focalization effect of the plate embedded with the ABH
array is related to the positions of ABH pits.

(3) The average vibration power density ratios at different circular sections in ABH are
greater than 1, and the maximum value can reach hundreds when excitation frequency
is near the natural frequency of plate, which indicates a significant energy focalization
effect. In addition, the energy focalization effect is not obvious when the radius of the
circular section is larger than 0.03 m, which provides a reference for using damping
layers more effectively.

(4) For the ABH plate in this paper, damping materials can change the plate energy
distribution in the frequency domain and reduce the frequency where ABH starts
to work. Results also show that the uniform damping layers have a better energy
dissipation effect than varying thickness damping layers.

(5) The radiated sound power level of the ABH plate with damping layers is reduced by
1–4dB compared with the ABH plate without damping layers.

In this paper, only the characteristics of the plate embedded with the ABH array in a
certain excitation frequency band were investigated. However, in fact, the analysis method
in this paper can be used in any excitation frequency band. In addition, experimental test
to verify the vibration and noise control performance of the plate embedded with the ABH
array is ongoing. Future work will explore the optimization of the ABH array for optimal
noise and vibration control and weight minimization, including the ABH position, size,
and ABH cell parameters.
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Appendix A

Figure A1. Power flow transmission graphs at an excitation frequency of 1000 Hz in x–y plane:
(a) ABH(i) with BC 1, (b) ABH(ii) with BC 1, (c) ABH(iii) with BC 1, (d) ABH(i) with BC 2, (e) ABH(ii)
with BC 2, (f) ABH(iii) with BC.
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Figure A2. Power flow transmission graphs at an excitation frequency of 1050 Hz in x–y plane:
(a) ABH(i) with BC 1, (b) ABH(ii) with BC 1, (c) ABH(iii) with BC 1, (d) ABH(i) with BC 2, (e) ABH(ii)
with BC 2, (f) ABH(iii) with BC 2.
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Figure A3. Power flow transmission graphs at an excitation frequency of 1100 Hz in x–y plane:
(a) ABH(i) with BC 1, (b) ABH(ii) with BC 1, (c) ABH(iii) with BC 1, (d) ABH(i) with BC 2, (e) ABH(ii)
with BC 2, (f) ABH(iii) with BC 2.
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Figure A4. Structural intensity contours at an excitation frequency of 1000 Hz: (a) ABH(i) with BC 1,
(b) ABH(ii) with BC 1, (c) ABH(iii) with BC 1, (d) ABH(i) with BC 2, (e) ABH(ii) with BC 2, (f) ABH(iii)
with BC 2.
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Figure A5. Structural intensity contours at an excitation frequency of 1050 Hz: (a) ABH(i) with BC 1,
(b) ABH(ii) with BC 1, (c) ABH(iii) with BC 1, (d) ABH(i) with BC 2, (e) ABH(ii) with BC 2, (f) ABH(iii)
with BC 2.
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Figure A6. Structural intensity contours at an excitation frequency of 1100 Hz: (a) ABH(i) with BC 1,
(b) ABH(ii) with BC 1, (c) ABH(iii) with BC 1, (d) ABH(i) with BC 2, (e) ABH(ii) with BC 2, (f) ABH(iii)
with BC 2.
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Figure A7. Structural intensity contours of ABHs with BC 1 at different frequencies: (a) 1000 Hz,
(b) 1050 Hz, (c) 1100 Hz.

Figure A8. Structural intensity contours of ABHs with BC 2 at different frequencies: (a) 1000 Hz,
(b) 1050 Hz, (c) 1100 Hz.
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