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Featured Application: Sound absorption calculation of composite structure and its optimal
design application, when the total volume or total weight of sound-absorbing materials is
strictly limited.

Abstract: Composite structures can be designed with specific parameters for efficient sound absorp-
tion in specific frequency bands; however, determining the optimal parameters and topology to
maximize sound absorption is a computationally challenging task. In this work, a semi-empirical
model is constructed to predict the sound absorption performance of composite structures consisting
of open-cell foam and perforated plates. The calculated results of the semi-empirical model are in
good agreement with the experimental results carried out in the B and K tube impedance measure-
ment system. The parameters such as perforation ratio, plate thickness, air gap, etc., of the composite
structure within limited thickness were optimized by using a genetic algorithm (GA) to improve the
sound absorption coefficient at a lower frequency band. The calculation and experimental results
show that when the thickness is fixed, the peak sound absorption frequency can be reduced by 400 Hz;
on the contrary, with the goal of broadening the sound absorption frequency band, the optimized
composite structure can widen the sound absorption frequency band by 55.38%. The results of this
work have potential engineering applications for the calculation of the sound absorption of porous
materials and perforated plate composite structures and their optimal design, particularly when the
total volume or total weight of the sound-absorbing material is strictly limited.

Keywords: sound absorption; absorptivity optimization; open-cell foam copper; perforated plate;
genetic algorithm

1. Introduction

In the field of acoustics, the perforated plated (PP) has been widely used in practical
applications due to its capability of low frequency noise control near its resonance fre-
quency. The theoretical investigation of acoustical properties such as sound absorption
micro-perforated plate or PP-based sound-absorbers involves empirical models, micro-
perforated theory, equivalent fluid models [1–4], etc. Maa proposed the structure of the
micro-perforated plate sound-absorber and established the basic principle of the sound
absorption of the micro-perforated plate sound-absorber [5,6]; Kang et al. studied the
feasibility of using transparent micro-perforated plate sound-absorbers in ventilation sys-
tems [7]; Lu et al., according to the intake noise behaviors of an automobile engine under
accelerating working conditions, proposed a compact micro-perforated panel muffler with
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a serial-parallel coupling mode for silencing [8]; Mana et al. have considered a finite flexible
perforated panel set in a differently perforated rigid baffle [9]. Although the composite PP
broadens the sound absorption frequency band, the sound absorption frequency band is still
very narrow compared with traditional porous material, and with the increase in the number
of composite layers, the sound absorption effect will also be significantly weakened [10–13].

Porous materials are structural materials with superior functionalities and properties
such as energy absorption, vibration and noise attenuation, light weight, high stiffness
and intensity. They have attracted significant attention both in scientific research and
engineering application [14–16]. However, the manufacturing process of porous materials
is complex [17–23], the design parameters (porosity, thickness, etc.) are difficult to control,
and the porous material easily contaminated [24–27]. The PP in the composite structure can
protect the porous material from contamination and damage, to a certain extent, thereby
improving the service life of the composite structure. The composite structure has more
advantages in low frequency and broadband sound absorption than just composite PP.
Although scholars have conducted some work on the theory of this type of composite
structure [1,2,12], the relevant parameters of the porous materials in the proposed model
are still difficult to obtain. The whole model has a narrow scope of application and can
only be used for specific porous materials. The semi-empirical model can quickly obtain
the acoustic resistance of porous materials through experiments and has a wide range
of applications.

The composite structure parameters need to be optimized to improve the sound ab-
sorption performance at the lower-frequency and wider-band [28–30]. Kim et al. presented
an analysis and optimization method to improve sound absorption at 100–1600 Hz [28].
Meng et al. proposed an optimization design to find the optimal distribution of geometric
parameters in graded semi-open metal [22,30]. Different porous materials have different
calculation models, and the same model has a small scope of application [31,32]. These
scholars pointed out that the change of PP parameters will cause the change of the sound
absorption of the composite structure; they did not optimize the parameters of PP to im-
prove the sound absorption performance of low frequency [33–36]. A genetic algorithm
takes the coding of decision variables as the operation object, the fitness as the search infor-
mation, uses the search information of multiple points, and adopts the probability search
technology, so that it can optimize the calculation results of the multi-parameter model [37].
The scholars apply it to the topology optimization of porous materials to maximize the
sound absorption performance [38]. The open-cell foam has a high porosity (92~98%); the
sound absorption performance is poor in the low frequency, and so on. In order to improve
the sound absorption performance of open-cell foam, it is urgent to establish the sound
absorption model of the open-cell foam copper (OFC) and PP composite structure, and to
find a method for optimizing the sound absorption performance of the composite structure.

Combining the properties of open-cell foams, we constructed a semi-empirical model
to predict the sound absorption performance of composite structures based on the sound
absorption principle of perforated panels. The sound absorption performance of the com-
posite structures composed of OFCs with different thicknesses was tested using Brüel
and Kjær (B and K) impedance tubes to verify the accuracy of the semi-empirical model.
Secondly, the genetic algorithm (GA) is used to optimize the parameters of the composite
structure (i.e., perforation ratio, hole diameter, plate thickness, air gap) to enable the com-
posite structure with limited thickness to achieve high-efficiency sound absorption (α > 0.5)
in a specific frequency band. It should be note that the parameters of porous materials
are not considered in our optimization. Finally, we have fabricated the designed compos-
ite structures and experimentally measured the acoustic performance. The experimental
results match well with that of the calculation.

2. The Sound Absorption Model of the Composite Structure

The schematic diagrams of the composite structure are shown in Figure 1. The com-
posite structure includes a PP layer, an air gap, and an OFC sound-absorbing material.
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The sound absorption coefficients of a PP layer backed by air gap can be calculated using
Maa’s theory. The characteristic impedance and complex wave number of the OFC are
measured by the B and K impedance tube, which is adopted to measure the characteristic
impedance and complex wave number of the OFC using the four-microphone transfer
function method. According to the measured results, the exponential function is used
for curve fitting the characteristic impedance and the complex wave number of the OFC.
The characteristic impedance of the composite sound-absorber structure is given, and the
normal sound absorption coefficient is calculated.
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Figure 1. Schematic diagrams of composite sound-absorber structure.

There are many physical phenomena involved in the process of the acoustic energy
dissipation of composite structures. The physical phenomena involved in the structure of
the composite sound-absorber are shown in Figure 2. The impact of the PP on the sound
wave in the incoming hole primarily includes surface viscous, distorted flow and inner
viscous, as can be seen in Figure 2a. In this paper, the normal surface impedance of the
PP supported by the rear cavity is considered. First, the surface impedance of a single
perforation is predicted. Air has a surface viscous effect on the surface of the PP around
the holes. Distorted flow is caused by part of the viscous boundary layer, including the
viscous effect around the edge of the viscous boundary layer on the panel surface caused
by the distortion of the acoustic flow, and the influence caused by the non-uniform flow
on the panel surface. As the surface roughness is different due to different PP materials,
processing, etc., it generally needs to be corrected. Inner viscous refers to the viscous effect
of the inner wall surface of the perforation. The sound mass load, the sound radiation
from the perforation and the sound flow on the panel surface will affect each other. It
is generally believed that the thickness of the air in the perforation is greater than the
perforation depth, which increases the mass of the vibrating air. In order to better describe
the movement of the air mass block, the end correction lengths can be used to describe
the inertial effect caused by the increased air mass. As shown in Figure 2b, the impact of
the reflected sound flow when the sound flow passes through the perforation and enters
the porous materials is also considered as a part of the acoustic impedance of the PP. The
linear radiation impedance at the perforated end of the OFC side is also related to the
characteristic impedance, complex wave number and porosity of the porous material.

According to the physical phenomenon of acoustic energy dissipation in the composite
structure, the total impedance of the composite structure is divided into five parts. Where
Rs is the acoustic impedance generated by the friction between air and PP surface, which is
caused by surface viscous (viscous interactions (or effects) at the surface of the perforated
plate); Zp is the impedance generated by the air in the hole, which is caused by the inner
viscous; Zae is the radiation impedance of the front end (left side of PP), which is mainly
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caused by the distorted flow when the sound flow flows into the hole; Zpe is the radiation
impedance at the tail end (on the right side of PP), and this side is the OFC, which is mainly
caused by the distorted flow of acoustic flow reflected from the OFC in the inflow hole; Zps
is the characteristic impedance of the OFC.
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The acoustic absorption of PP layer backed by an air gap can be calculated using Maa’s
theory [5]. The Zp can be obtained by the following formula [5]:

Zp =
32ηLpp

d2
pp

√
1 +

x2

32
+ iωρ0Lpp

(
1 +

√
2

18 + x2

)
, (1)

with

x =
dpp

2

√
ρ0ω

η
, (2)

where ρ0 is the density of air, ω = 2π f is the angular frequency, η is the dynamic viscosity
of air, dpp is the diameter of the orifice, Lpp is the thickness, and x is the perforate constant.

The acoustic impedance can be obtained by the following formula [4]:

Rs =
1
2

√
2ωρ0η. (3)

The Zae can be obtained by the following formula [1]:

Zae = iωρ0εe, (4)

with
εe = 0.48

√
πr2

pp
(
1 − 1.14

√
φpp
)
, (5)

where εe is the length of end correction.
The Zpe can be obtained by the following formula [1]:

Zpe = iωρεe, (6)

with
ρ = φpsZpskps/ω, (7)

where ρ is the equivalent complex density of the OFC. φps is the porosity of the OFC.
The Zps and kps of the OFC are obtained by analyzing the experimental data measured

by the B and K impedance tube. There are three main reasons for this: first, the measurement
of the acoustic characteristic parameters (tortuosity factor, porosity, characteristic length,
etc.) is time-consuming and labor-intensive for the OFC; second, different porous materials
require different calculation models, and the same model has a small scope of application;
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third, combined with the four-microphone transfer function method, the impedance tube is
used to measure the impedance and complex wave number of a certain sound-absorbing
material. The process is fast and convenient, and the measurement results are accurate.

Figure 3 shows the surface of the OFC specimen. The OFC is manufactured by
electrode position. The pore size of the OFC is approximately 0.27 mm, and the porosity of
the OFC is approximately 95%. In this study, three different thicknesses of the OFC were
selected. The structural parameters of the OPC test specimens are listed in Table 1.
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Figure 3. The surface of the OFC specimen: (a) Photograph of the OFC specimen; (b,c) SEM images
of the OFC specimen.

Table 1. The measured parameters for OFC test specimens.

Sample Number Porosity φps (%) Thickness Lps (mm) Specimen Diameter Dps (mm)

OFC1 94.9 4.98 28.36
OFC2 95.1 9.93 28.42
OFC3 94.8 14.22 28.26

Take OFC2 as an example, according to the measured results, the exponential function
is used for curve fitting the characteristic impedance and the complex wave number of
OFC2 in Figures 4 and 5.
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Figure 5. Measured results and curve fitting results of the complex wave number of OFC2:
(a) Real part of measured results and curve fitting results of the complex wave number
(Rkps = 0.04482 × f 0.9229 + 1.991); (b) Imaginary part of measured results and curve fitting results of
the complex wave number (Ikps = i ×

(
−0.1032 × f 0.5992 − 6.626

)
).

The purpose of the curve fitting is to eliminate certain test errors. In addition, the
test results can be better coupled with the PP theory. The utility of the model is expanded,
and the later optimization is prepared. Similarly, the curve fitting results of OFC1 and
OFC3 are listed in Table 2. The propagation constants and characteristic impedance fitting
expressions of OFC1, OFC2 and OFC3 are different, because the thickness of the three test
pieces is different, and OFC2 and OFC3 are stacked by several single-layer OFCs, so their
internal structures will also change, such as the tortuosity factor.

Table 2. The curve fitting results of OFC1 and OFC3.

Number OFC1 OFC3

RZps −0.21 × f 0.7758 + 675.5 −0.1642 × f 0.8312 + 660.7
IZps i ×

(
−7151 × f−0.5314 + 59.78

)
i ×
(
−3711 × f−0.3745 + 142.7

)
Rkps 0.06653 × f 0.8892 + 0.3678 0.08001 × f 0.8576 − 1.045
Ikps i ×

(
−0.6315 × f 0.414 − 3.63

)
i ×
(
−13.85 × f 0.1331 + 21.52

)
The characteristic impedance of the OFC is given:

Zps = RZps + IZps. (8)

The complex wave number of the OFC is given:

kps = Rkps + Ikps. (9)

Obtaining the impedance of the PP and the impedance of the open cell foam copper,
the characteristic impedance of the composite sound-absorber structure is given:

Zs =

(
Zp + 4Rs + 2Zae + Zpe

)
φpp

+ Zps. (10)

where Rs is the acoustic impedance generated by the friction between the air and PP surface,
which is caused by surface viscous. Ingard pointed out that the value predicted by this
formula is too small compared to the testing result, and Allard proposed that 2Rs will give
better prediction results [1]. Considering the viscous friction loss at the surfaces on both
sides of the PP, 4Rs is used in Equation (10). Zp is the impedance generated by the air in
the hole, which is caused by the inner viscous; Zae is the radiation impedance of the front
end (left side of PP), which is mainly caused by the distorted flow when the sound flow
flows into the hole. Considering that there is air on both sides of the PP, the air layer in the
composite structure is always a parameter to be considered, whether it is the verification
process of the semi-empirical model or the process of optimizing the calculation, and 2Zae
is used in Equation (10); Zpe is the radiation impedance of the perforation end on the side



Appl. Sci. 2023, 13, 78 7 of 13

of the OFC. Considering that the mechanical properties of the composite sound-absorbing
structure are not too bad, the air layer in the composite structure is less than or equal to
1 mm, and the porosity of the OFC is relatively large, at approximately 95%. Therefore, the
reflection of the sound wave after contact with the porous material is not considered. It
is considered that the sound waves are an incident in the OFC, and the coefficient of Zpe
is 1 in Equation (10); Zps is the characteristic impedance of the OFC, and it is a value that
is fitted after actual measurement. The curve fitting function has limited versatility, as it
is only applicable to given sample materials, but it might be applicable to open cell foam
materials with similar microstructure.

The normalized specific surface acoustic impedance zs is

zs =
Zs

cρ0
= r + iωm. (11)

The calculation formula of sound absorption coefficient is as follows:

α =
4r

(1 + r)2 + (ωm − cot(2πy))2 (12)

with
y = f (Lps + Lg)/c, (13)

where f is frequency, Lg is thickness of air gap, Lps is thickness of the OFC, and c is the
sound speed.

3. Experimental Validation and Discussions
3.1. The PP Specimen Preparation

Figure 6 shows the PP and the prepared test specimens fabricated by using Three-
dimensional technology. The PP was printed with a fine layer resolution of 0.1 mm. The
PP sample was designed with thickness Lpp = 1 mm, sample diameter 29 mm, and hole
diameter dpp = 2 mm. The selection of these structural parameters can better provide
reasonable resistance, and the use of the appropriate perforation ratio range will also be
conducive to further research. It should be noted that it was printed with hole spacing
bpp = 5 mm for the PP1. The printed specimen is rigorously measured and selected in order
to comply with the design requirements. The measured parameters of the PP1 are listed
in Table 3.

Table 3. The measured parameters for PP1 test specimen.

Sample Number Perforation Ratio, φpp (%) Hole Diameter, dpp (mm) Hole Spacing, bpp (mm) Plate Thickness, Lpp (mm) Specimen Diameter, Dpp (mm)

PP1 6.18 2.02 5.1 1.02 28.58

Figure 6e shows the B and K impedance tube for measuring the sound absorption
coefficient of the composite structure. Based on the principle of the transfer function, the
double microphone method is used for the sound absorption experiment measurement. The
ambient temperature of the laboratory is 20.1 ◦C, the relative humidity is 45%, the sound
velocity in the air is 343.65 m/s, and the air density is 1.2 kg/m3. The inner diameter of the
impedance tube is 29 mm, and the acoustic characteristics are measured in the frequency
range of 500–6400 Hz.
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3.2. Results and Discussions

Figure 7 shows the sound absorption measurement and prediction curves of the
composite sound absorption structure (Lg = 0.6 mm). The sound absorption coefficient
diagram obtained by the semi-empirical model is in good agreement with the measured
results. The maximum value of the sound absorption coefficient moves to the low frequency
direction, where the foamed copper material is thickened. This is because the right-end of
the PP hole is not open, but the porosity of the OFC is very high, reaching 0.95, which can
be considered as both ends of the hole being open. When the air in the hole is used as the
sound mass and the fluid in the air gap between the PP and the OFC is used as the sound
spring, there will be mass and spring resonance. When the stiffness of the air gap offsets
the mass, the peak value of the sound absorption coefficient will appear. The increase in the
OFC thickness will effectively reduce the stiffness of the air gap, so that the absorption peak
moves to a lower frequency. As a result of the damping characteristics of the OFC itself, it
will increase the dissipation of sound energy and increase the bandwidth of the peak sound
absorption coefficient. It is worth noting that the absorption spectrum of OFC will show
resonance corresponding to the frequency, the thickness of which is equal to one-fourth of
the wavelength of the wave propagating in the layer. Due to the increase in the effective
thickness, the frequency will be reduced by adding a perforated cover layer and a small
air space above the hard back foam layer. In this study, the perforated covering layer and
small air space are controlled, and only the thickness is changed, which further explains the
reason for the low frequency shift to the peak frequency. The maximum sound absorption
coefficient appears near 2500 Hz for the OFC1 + PP1. The peak absorption coefficient
predicted by the semi-empirical model is in good agreement with the measured data of the
corresponding frequency. The calculated value of the sound absorption band is slightly
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wider than the measured value of the sound absorption band. Moreover, the measurement
shows another absorption peak (1900 Hz) of the composite structure, depicted in Figure 7a.
One reason is that OFC is very thin, similar to the PP, so it can resonate. Another reason is
the resonance of the porous foam layer frame. The maximum sound absorption coefficient
appears near 2000 Hz and 1800 Hz for the OFC2 + PP1 and OFC3 + PP1, respectively, as
shown in Figure 7b,c. In short, the semi-empirical model is validated for the prediction of
the sound absorption of composite structure.
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4. Lower-Frequency Absorptivity Optimization of the Composite Structure

The frequency of the noise generated by many mechanical devices is concentrated
at 800 Hz to 2500 Hz, and the quality and thickness of the sound-absorbing materials are
limited by specific environments and conditions. We used OFC3 as the lining material
of the composite structure. The overall thickness of the composite structure serves as
the basic constraint. The parameters of the composite structure are optimized by the
genetic algorithm, in order to improve the sound absorption performance of the composite
structure in a specific low frequency band (800~2500 Hz). The integral value of the sound
absorption coefficient of the composite structure in a certain frequency band is set to the
objective function. The porosity of the perforated plate (φpp), the thickness of the perforated
plate (Lpp), the aperture of the perforated plate (dpp), and the thickness of the intermediate
air gap (Lg) are optimized. The objective function can be written as:

obj : max
[∫ 2500

800
α
(
φpp, Lpp, dpp, Lg

)
d f
]

. (14)

In practical applications, considering that the composite sound-absorbing structure
should satisfy the certain stiffness, the air gap should not exceed 1 mm. Considering the
difficulty and cost of processing the perforated plate, the thickness of the PP should not
exceed 2.5 mm. The perforation rate constraint of the PP is directly applied in this study.
The aperture of the perforated plate determines the processing efficiency and processing
cost during processing. Therefore, the minimum aperture is 1 mm. The size of the test
piece itself limits the aperture of the perforated plate, and the aperture of the perforated
plate is too large, which may result in the loss of characteristics of the perforated plate. The
constraints are:

s.t.


Lpp + Lg + Lps ≤ 20 mm

0.01 ≤ φpp ≤ 0.2
1 mm ≤ dpp ≤ 3 mm
1 mm ≤ Lpp ≤ 3 mm
0.5 mm ≤ Lg ≤ 1 mm

. (15)

The optimized structure parameters are as follows: φpp = 7.26%, Lpp = 2.6, dpp = 2.6 mm,
Lg = 0.99 mm. The optimized PP2 was fabricated using a 3D printer, as shown in Figure 8.
The PP2 specimen was accurately and perfectly formed using stereo lithography. The
measured structural parameters of PP2 are listed in Table 4.
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Table 4. The measured structural parameters for PP2 test specimen.

Sample Number Perforation Ratio, φpp (%) Hole Diameter, dpp (mm) Hole Spacing, bpp (mm) Plate Thickness, Lpp (mm) Specimen Diameter, Dpp (mm)

PP2 7.35 2.62 8.2 2.57 28.62

Figure 9 shows the measured and calculated results of the sound absorption coefficient
of the optimized composite structure. The sound absorption coefficient curve obtained
by the semi-empirical model is in good agreement with the measured results. The results
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show that the porosity of the perforated plate, the thickness of the perforated plate, the
pore size of the perforated plate, and the thickness of the intermediate air layer have
significant effects on the sound absorption performance of the entire composite structure.
The maximum sound absorption coefficient appears near 1750 Hz for the OFC3 + PP1, and
the maximum sound absorption coefficient appears near 1350 Hz for the OFC3 + PP2. The
sound absorption peak of the optimized composite structure is shifted to the low frequency
direction by 400 Hz, and the OFC3 + PP2 achieves the target of the sound absorption peak
in the lower frequency band. In addition, although the overall sound absorption effect
is improved in the optimized frequency range, the sound absorption effect in the higher
frequency band is reduced, primarily because the optimized composite structure can be
more closely matched with the acoustic impedance of the target frequency band. On the
contrary, without changing the composite structure’s lining material (OFC), if the goal is
to broaden the sound absorption frequency band, the composite structure with limited
thickness can also achieve high-efficiency sound absorption (α > 0.5) in a wider frequency
band (800~3500 Hz) through optimization. The measured results show that OFC3 + PP1
has achieved high-efficiency sound absorption in a wide frequency range of 800 to 2820 Hz,
which is 720 Hz wider than the sound absorption frequency band of OFC3 + PP2, with an
increase of approximately 720 / (2100 − 800) = 55.38%.
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5. Conclusions

The semi-empirical model was constructed to predict the sound absorption perfor-
mance of the composite structure. The theoretical calculation results are in good agreement
with the measured results. The predicted and measured results show that the increase in
the OFC thickness can effectively improve the sound absorption performance of the com-
posite structure in the lower frequency band. The maximum value of the sound absorption
coefficient moves to the low frequency direction.

Next, the GA is used to optimize the parameters of the composite structure. The
sound absorption peak of the optimized composite structure is shifted to the low frequency
direction by 400 Hz, and OFC3 + PP2 achieves the target of the sound absorption peak in
the lower frequency band. On the contrary, without changing the composite structural
lining material (OFC), the measured results show that OFC3 + PP1 achieves high-efficiency
sound absorption in a wider frequency range, which is approximately 55.38% higher than
the sound absorption bandwidth of OFC3 + PP2. When the total volume or total weight
of the sound-absorbing material is strictly limited, the research work has certain guiding
significance for the optimization design of the composite structure.
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