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Abstract; To address the increasingly prominent issue of
high-frequency traffic noise pollution and to overcome the
limitation of narrow sound absorption bandwidth of single-
layer micro-perforated panels (MPPs) , this study presents
a systematic investigation into the sound-absorbing structure
of multi-layer series MPPs. First, based on Ma’ s MPP
theory, theoretical sound absorption models for multi-layer
structures were derived by using both the acoustic-electrical
analogy method and the transfer matrix method. Then, the
sound absorption coefficient curves of both methods were
compared through COMSOL simulations, confirming the
superiority of the transfer matrix method in the analysis of
multi-layer structures. Finally, ant colony algorithm ( ACA)
was introduced to optimize the structural parameters of the
multi-layer series MPPs, aiming to broaden the sound
absorption bandwidth to match the high-frequency traffic
noise spectrum. The results demonstrate that the transfer
matrix method outperforms the acoustic-electrical analogy
method in predicting the sound absorption characteristics of
multi-layer series MPPs. Furthermore, the optimized
structure exhibits significantly improved sound absorption
performance in the frequency range of 100—-4 000 Hz, with
MPPs’ effectiveness increasing with the number of layers.
This study would provide a valuable theoretical foundation
and practical design references for broad-frequency traffic
noise control.
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0 Introduction

Amid rapid economic development, the number of
high-frequency noise-emitting transportation vehicles is
on the rise, resulting in the growing prominence of high-
frequency traffic noise pollution. Academician Ma
proposed the micro-perforated panel ( MPP) theory'"”'.
However, the traditional single-layer MPP, possessing
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only one resonant absorption peak, often has a limited
sound absorption bandwidth. Many scholars have
conducted in-depth research on MPPs based on Ma’ s
theory. Through detailed investigation of two-layer series
MPPs, the patterns of resonant frequency, anti-resonance
frequency, and corresponding acoustic impedance were
studied®™. By synthesizing the sound absorption
characteristics under multiple structural parameters, a
computational model for the acoustic impedance of two-
layer series MPPs was constructed, thereby addressing the
narrow frequency bandwidth issue in noise control.
However, the effect of the layer number on the sound
absorption coefficient is not explored. By studying flexible
multi-layer series MPPs sound-absorbing structures, Bravo
et al. "’ established a highly efficient sound-absorbing
structure. Based on the acoustic-electrical analogy
method, Zhao et al.'”’ derived the formula for calculating
the sound absorption coefficient of three-layer series
MPPs and used a genetic algorithm for optimization, to
increase the bandwidth. Based on the transfer matrix
method, Sheng et al.'” calculated the sound absorption
coefficients of multi-layer series MPPs and employed a
genetic algorithm to broaden the absorption bandwidth of
four-layer and five-layer series MPPs. The five-layer
series MPPs show greater advantages in sound absorption
performance. Hu et al.'” built an acoustic model of two-
layer series MPPs by using the acoustic-electrical analogy
method and solved for the sound absorption coefficient of
three-layer series MPPs by using the transfer matrix
method. However, the study only established theoretical
models and did not compare their reliability. Based on
Ma’ s theory, Du et al.'” achieved good agreement
between theoretical results for MPP sound absorption
coefficients, which were calculated by the transfer
admittance method, and COMSOL finite element
simulation experiments, thus enhancing the reliability of
the theoretical calculations. Based on the acoustic-
electrical analogy method, Qian et al.""”  provided
calculation formulas for the composite MPP with various
layers. To verify the reliability of the theoretical
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calculation method, they set the initial structural
parameters of all-order composite MPPs, and compared
them with COMSOL results. However, the study only
used graphical visualization to show the model’ s fitting
degree without any quantitative fitting metrics.

When extending to the sound-absorbing structure of
multi-layer series MPPs, which involves numerous
independent parameters and complex nonlinear mapping
relationships, traditional optimization methods are prone
to be trapped in local optima. By using a simulated
annealing algorithm, Cobo et al. "'’ optimized the
parameters of three-layer series MPPs, effectively
broadened the sound absorption bandwidth and
concluded that increasing the number of series layers
positively affects its high-frequency sound absorption
capability.

This study focuses on the noise frequency range of
100-4 000 Hz. We compare the consistency between the
sound absorption coefficients of multi-layer series MPPs
calculated by the acoustic-electrical analogy method and
the transfer matrix method, as well as their agreement
with COMSOL simulation results, as to select the more
accurate method. Subsequently, the ant colony algorithm
( ACA ) is employed to optimize the structural
parameters, determining the optimal parameters for series
MPPs with various layers under target conditions.

1 Ma’s MPP Theory

According to Ma’ s theory''', a micro-perforated
sound-absorbing structure consists of an MPP, a rigid
wall, and the air cavity between them. The structural
model of MPP is shown in Fig. 1, where d is the pore
diameter, ¢ is the panel thickness, and D is the cavity
depth.

Fig.1 Structural model of MPP

According to Ma’ s model, the acoustic impedance
Z, of MPP is

Zs =pe(r + jom) , (1)

where p is the air density, andp =1.226 kg/m’; c is the
speed of sound in air, and ¢=343 m/s; r is the relative
acoustic resistance; w is the angular frequency; m is the
relative acoustic mass.

The relative acoustic mass and relative acoustic
resistance in Eq. (1) are
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where 6 is the punching rate; 7 is the viscosity
coefficient, with a value of 1. 85%X10™° Pa-s; k is the

perforation constant, and k = +/wpd’/(47) .
The acoustic impedance corresponding to the cavity

depth D is Z, :
Z, == jpccot(wD/c). (4)

2 Reliability of Multi-Layer Series MPP
Absorption Calculation Methods

To verify the reliability of the sound absorption
coefficient calculations, the sound absorption coefficient
curves obtained by both the acoustic-electrical analogy
method and the transfer matrix method are compared and
analyzed. Their agreement with the results of COMSOL
simulations is also assessed.

2.1 Reliability of acoustic-electrical analogy method

Based on the acoustic-electrical analogy method, the
acoustic impedance is analogous to the circuit impedance.
Therefore, this study uses Ma’ s single-layer MPP model
as the initial theoretical formula and systematically derives
the expression for the total acoustic impedance of multi-
layer series MPPs based on the equivalent circuit diagrams
of the series structure. The total acoustic impedance for
multi-layer series MPPs is derived.

2.1.1 Total acoustic impedance of two-layer series
MPPs

According to the acoustic-electrical analogy method,
the two-layer series MPPs model and its equivalent circuit
diagram are shown is Fig. 2.

Based on series-parallel principles, the equivalent
circuit is divided into parts, working backward from the
final circuit element. The total acoustic impedance of the
two-layer series MPPs Z, ., is

{Zz,l = Zsz,z + Z/)z,zs

VA =Zo, + V/(1/Z,, +1/Z,,), (5)

2, total
where Z, | represents the total series impedance of the
second-layer MPP and the air cavity; Z,, and Z,
denote the acoustic impedance of the first-layer MPP and
the second-layer MPP, respectively; Z,,, and Z),,
correspond to the acoustic impedance of the first air cavity
and the second air cavity, respectively.
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Fig.2 Two-layer series MPPs and equivalent circuit diagram; (a) structural model; (b) equivalent circuit diagram

2.1.2 Total acoustic impedance of three-layer series
MPPs

The three-layer series MPPs model and equivalent

circuit diagram are shown in Fig. 3. The total acoustic

impedance of the three-layer series MPPs Z

Z3,1 = Z53,3 + Zu3,3a
Z3,2 = Zss.z + l/( 1/Zm,z + 1/Z3,1) s (6)
Z =Zg, * 1/(1/Zn3,| + l/ZM) R
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where 7, | is the total series impedance of the third-layer
MPP combined with its air cavities; Z , is the total series
impedance of the second-layer MPP combined with its air
cavity; Zg |, Zg, and Zg, , are the acoustic impedance of
the first-layer to the third-layer MPP, respectively; Z,; |,
Z,,and Z,, ; are the acoustic impedance of the first to
the third air cavities, respectively.
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Fig.3 Three-layer series MPPs and equivalent circuit diagram: (a) structural model; (b) equivalent circuit diagram

2.1.3 Total acoustic impedance of four-layer series
MPPs
The four-layer series MPPs model and equivalent
circuit diagram are shown in Fig. 4. The total acoustic
impedance Z of the four-layer series MPPs is

where Z,, , is the total series impedance of the fourth-layer
MPP combined with its air cavity; Z, , and Z, , denote
the total series impedance of the third-layer and the
second-layer MPP and with their corresponding air
cavities, respectively; Zg, | to Z, , correspond to the

4, total

Z, =2y +Z acoustic impedance of the first-layer to the fourth-layer
S4, 4 DA, 4 . .

Z4 =7y (2, + 12, ), MPP, respectively ; Z.m'1 to Z,, , represent .the aC(?U:StIC

. o ' ' (7) impedance of the first to the fourth air cavities,
Z4,3 = ZM 2 + 1/( I/ZDA,Z + 1/Z42) ’ reSpeCtiVely
Z4,lolu1 = ZS4, 1 + 1/( 1/Z114,1 + 1/Z4?) ’ .
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Fig.4 Four-layer series MPPs and equivalent circuit diagram: (a) structural model; (b) equivalent circuit diagram
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2.1.4 Total acoustic impedance of five-layer series
MPPs
The five-layer series MPP model and its equivalent
circuit diagram are shown in Fig. 5, and the total acoustic
impedance Z of the five-layer series MPPs is

5, total

Zsy =Zss t Lpss,
Zsy =Zgs, + V(1 2y, +1/Z5,),

where Z; | is the total series impedance of the fifth-layer
MPP combined with its air cavity; Z;,, Z; , and Z; , are
the total series impedance of the fourth-layer, the third-
layer and the second-layer MPPs with their corresponding
air cavities, respectively; Z | to Z , correspond to the
acoustic impedance of the first-layer to the fifth-layer
MPP, respectively; Z,,, to Z, ; represent the acoustic

impedance of the first to the fifth air cavities,

Zs 3 Zss,3 1/( I/Zns,.% + I/ZS.Z) ’ <8) respectively.
ZS4 Zssz 1/(1/Zl)5,2 + 1/Z5,3)s
Zs fotal ZSS,I + 1/( 1/Z[)s,l + 1/Z5,4) ’
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Fig. 5 Five-layer series MPPs and equivalent circuit diagram; (a) structural model; (b) equivalent circuit diagram

2.1.5 Total acoustic impedance of n-layer series
MPPs

Based on the derivations for above series MPPs and the

acoustic-electrical analogy method, the total acoustic
impedance rate Z, ,,, of n-layer series MPPs is derived. The
model and its equivalent circuit are shown in Fig. 6.
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Fig. 6 Basic structure and equivalent circuit diagram of n-layer series MPPs: (a) structural model; (b) equivalent circuit diagram

The total acoustic impedance rate Z, ., of the
n-layer series MPPs is
Z,, =27, .t Zr)n,n s
Zu, = ZS/: n+i-1 1/( I/Zl)n,nﬂ'—] + I/Zn‘[—l) ’ (9)
Zn,toml = an,l l/( ]‘/ZDn‘n + ]‘/Zrun*l) 5

i=2,3, -, n-1

’

where Z, | is the total series impedance of the nth layer
MPP combined with its air cavity; Z, , denotes the total
series impedance of the (n—i+1)th-layer MPP and its air
cavity; Zg, , to Zg, , correspond to the acoustic impedance
of the first-layer to the nth-layer MPP; Z, | to Z, |
represent the acoustic impedance of the first to the nth air
cavities.
The sound absorption coefficient @, is

Sn,1

Zn total
4Re
pc

= . (10)

Qe n 7 2 7 2
1 + R ( n,total ) + Im( n,total )
pc pc

2.2 Reliability of transfer matrix method

In this study, the multi-layer structure is
decomposed into “ panel-cavity ” units, and the total
transfer matrix and acoustic impedance formula are
derived. The transfer matrix method decomposes the
n-layer series MPPs into n-layer plates and n cavities, and
the surface acoustic impedance is obtained by multiplying
the transfer matrices.

In the MPP structure, the transfer matrices consist of
two components: S, for the MPP and H, for the air cavity,
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i=1,2, -, n
1 Z, .
Si=|:0 ;’1,1}’75:192’ e, I, (11>
cos(kD,) jpesin(kD,)
H_ = Sll’l(le) 12
' PR cos(kD,) (12)
pc

By multiplying S, with H,, the transfer matrix T of the
entire structure is obtained:

n T T
T=||sH =|" ”] (13)
,[[1 o |:T21 Tzz

The total acoustic impedance rate Z, of the n-layer
series MPP structure is

T
PCTzl'

11

(14)

n

Thus, the sound absorption coefficient «,, of the
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2.3 Comparison of fitting degrees

To compare the consistency of sound absorption
coefficients for multi-layer series MPPs calculated by
theoretical methods ( the acoustic-electrical analogy and
transfer matrix methods ), COMSOL simulations were
performed to obtain the curves. These simulation results
were then fitted with the curves obtained from both
theoretical methods to assess their consistency.

Finite element models for the multi-layer series
MPPs were established in COMSOL as shown in Fig. 7,
where a plane wave of 1 Pa was incident in an impedance
tube with the MPP positioned at the tube end. Except for
the incident surface, all other boundaries were set as rigid
walls to achieve total reflection. The MPPs were modeled
by COMSOL’ s built-in perforated plate feature .

Incident pressure

field MPP 2

Microphone 2

Microphone 1

MPP | MPP 3
(b)

Incident pressure .
field Microphone 1 Microphone 2 MPP 2 MPP 4

MPP1 MPP3 MPP 5
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Fig. 7 Finite element models of multi-layer series MPPs. (a) two layers; (b) three layers; (c) four layers; (d) five layers

In the theoretical calculations and simulations, the
same structural parameters (Table 1) are used. The root
mean square error (RMSE) and coefficient of determination
R® are compared. The RMSE measures the average error' ™"

between theoretical values and simulation values, and a
lower value indicates a higher fitting accuracy. R’ ranges
between O and 1. a larger R® signifies higher fitting
accuracy, and R*=1 represents perfect fitting'"'.

Table 1 Parameters of five-layer series MPP resonator

Position Pore diameter/mm Punching rate/ % Panel thickness/mm Cavity depth/mm
The first layer 0.8 3.0 1.0 40
The second layer 0.8 2.0 1.0 40
The third layer 0.8 1.5 1.0 45
The fourth layer 0.8 2.0 1.0 45
The fifth layer 0.9 0.8 0.5 60

Figures 8 and 9 systematically compare the sound
absorption coefficient calculation results between two
theoretical methods with COMSOL simulation results.

The transfer matrix method yields lower R* and a

higher RMSE. The sound absorption coefficient curves
generated by the transfer matrix method exhibit a
significantly higher degree of consistency with the
COMSOL simulation curves.
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Fig. 8 Comparison of theoretical and simulation curves for multi-layer series MPPs by acoustic-electrical analogy method :
(a) two layers; (b) three layers; (c¢) four layers; (d) five layers
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2.4  Comparison of sound absorption coefficient
curves with different layer numbers

To compare the sound absorption performance of
MPPs with different layer numbers, numerical
simulations were performed in MATLAB based on the
transfer matrix method. The structural parameters are
listed in Table 1. The resulting sound absorption
coefficient curves for series MPPs with different layer
numbers are shown in Fig. 10.

1.0

Two-layer pre-optimization
Three-layer pre-optimization
--- Four-layer pre-optimization
— Five-layer pre-optimization
500 1 000 1500 2000 2500
Frequency/Hz

o
)
—

Sound absorption coefficient
f=]
s

Fig. 10  Sound absorption coefficient curves for series

MPPs with different layer numbers

The number of resonant peaks corresponds to the
layer numbers of the series MPPs. The five-layer series
MPPs exhibit a significantly broader absorption bandwidth
compared to the two-layer and three-layer series MPPs,
showing substantial overall improvement.

3 Optimization by ACA

3.1 ACA description

To optimize the sound absorption characteristics of
multi-layer series MPPs and broaden the -effective
frequency band, ACA is employed to optimize the
parameters. The parameter optimization of multi-layer
series MPPs is a typical combinatorial optimization
problem, characterized by a large parameter space and
strong non-linearity. ACA simulates ant colony foraging
behavior and finds the optimal path through a pheromone-
driven positive feedback mechanism and collective
collaboration''®’. With its strong global search capability ,
ACA effectively avoids local optima, and is suitable for
the optimization objectives of this study. The steps of
ACA are as follows''™ .

Step 1; an optimization model is established with the
objective of maximizing the integrated sound absorption
coefficient of the multi-layer series MPP absorber within
the specified frequency range. Each ant represents a set of
structural parameters, and all parameters to be optimized
are sequentially encoded into a vector to generate the
initial solution vectors.

Step 2. the transfer matrix method is used to
calculate the sound absorption coefficient for each
parameter set, which corresponds to the total path
length traveled by each ant. Each ant selects the next

parameter value based on the pheromone concentration

and heuristic information. The state transition
probability operator is
7%(iter) « n(iter)
P,(iter) = — : , (16)

> mi(iter) - n’(iter)

j=1
where P, is the probability of the kth ant being selected;
7, is the pheromone concentration for the kth ant; n, is the
heuristic information for the kth ant; « is the importance
factor of pheromone; (B is the importance factor of
heuristic information; N is the total number of ants; iter
is the current iteration.

Step 3: based on the value of the integrated sound

absorption coefficient, the pheromone concentration is
updated accordingly. The pheromone updating operator is

T.(iter + 1) = (1 -p,) - 7,(iter), (17)
T, (iter + 1) = 7 (iter) +Q - f,  (iter), (18)

where p, is informational volatility coefficient; Q is the
reinforcement coefficient; 7, is pheromone concentration
of the global optimal candidate MPP structure at iteration
t; f,. 18 the current optimal fitness value.

Step 4: Steps 2 and 3 are repeated until the
termination condition is met. At this point, the integrated
sound absorption coefficient reaches its maximum, and
decoding is performed, i. e., the final solution vector is
converted back into the actual MPP parameters.

3.2 Optimal model establishment

In order to quantify the broadband sound
absorption performance of multi-layer series MPPs, the
value of the sound absorption coefficient in the target
frequency band of 100 — 4 000 Hz is set as the
optimization target. The mathematical expression of
fitness value is obtained by

4 000
max(V)= [ alf, d,yt,, D, 008, (19)

where max (V) is the maximum fitness value.

The parameter ranges are determined based on the
actual parameter characteristics of multi-layer series MPPs
in the material database, practical manufacturing
conditions, application requirements, references to Ma’ s
theory and Ref. [ 7]. The structural parameters of the
multi-layer series MPPs are set as shown in Table 2.

Table 2 Structural parameter setting of multi-layer series MPPs

Parameter Range
Cavity depth D, /mm [0, 80]
Punching rate 0, /% [0.5,5.0]
Panel thickness ¢, /mm [0.1, 1.0]
Pore diameter d, /mm [0.3, 1.0]
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The parameters of ACA are critical, and the
convergence effect depends directly on these
parameters "®'. Most of these parameters are determined
based on practical experience, and the optimal parameter
combinations vary significantly across different problem
scales. Therefore, a series of preliminary experiments
were conducted to systematically explore reasonable
values for parameters; N=200; m= 500; a = 1;p, =
0.1; 8= 4.

3.3 Optimized result comparison between ACA and
genetic algorithm

Comparison of sound absorption coefficient curves
for five-layer series MPPs optimized by ACA and genetic
algorithm is shown in Fig. 11. The average sound
absorption coefficient of the five-layer series MPPs
optimized by ACA is 0.955. In comparison, the genetic
algorithm'"’ achieves an average sound absorption
coefficient of 0.951. The optimized result by ACA is
slightly higher than that by the genetic algorithm.
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~

Sound absorption coefficient
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~——-Genetic algorithm
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Frequency/Hz

Fig. 11  Sound absorption coefficient curves for five-layer
series MPPs optimized by ACA and genetic
algorithm

3.4 Optimized results

The solutions with the optimal fitness function value
are obtained after independently running ACA 30 times.
The optimal structural parameters of multi-layer series
MPPs are shown in Table 3.

Table 3 Optimal structural parameters of multi-layer series MPPs

L
nuz’;;r Pore diameter/mm Punching rate/ % Panel thickness/mm Cavity depth/mm
2 0.300; 0.300 4.784 69; 2.573 23 0.804 41; 0.930 21 13.948 91; 23.832 72
3 0.300; 0.300; 4.995 80; 4. 650 10; 0.564 97; 1.000 00; 14.084 00; 17. 810 80;
0. 300 2.480 40 1. 000 00 35.238 60
4 0.300 00; 0.300 00; 4.591 08; 2.366 52; 0.280 66; 0.298 77; 21.385 20; 20.909 53;
0. 300 00; 0.300 00 1. 547 55; 1.000 00 0.299 71; 0.299 94 24.299 125 41.867 21
0. 330 88; 0.300 00; 5.002 115 2.399 08; 0.241 72; 0.230 31; 22.396 38; 21.132 24;
5 0.309 48; 0.301 00; 1.897 23; 1. 190 81; 0.266 69; 0.298 89; 23.266 96; 29. 102 44;
0.321 40 1. 000 72 0.294 37 38.53513
Figure 12 shows a comparison of the sound 1 800 Hz.

absorption coefficients before and after optimization for
multi-layer series MPPs. In the range of 100-4 000 Hz,
the multi-layer series MPPs before optimization perform
significantly worse than those after optimization.

Before optimization, the resonant absorption peaks
for each series MPPs appear only in the range of 500 -
1 800 Hz, with anti-resonance frequencies exhibiting
absorption coefficients below 0.60. Furthermore, the
sound absorption coefficient curves display pronounced
fluctuations, and the effective absorption bandwidth is
relatively narrow, covering only approximately 200 —

After optimization, the fluctuations in the sound
absorption coefficient curves for the various series MPPs
are significantly reduced. The peak values of the resonant
absorption peaks within the range of 200—4 000 Hz are all
close to 1.00, particularly for the four-layer and five-
layer series MPPs. The sound absorption coefficient is
greatly improved. The frequency range with a sound
absorption coefficient higher than (.85 expands from
200-1800 Hz to 200-4000 Hz. Even at the anti-resonance
frequencies ( around 880 and 1 000 Hz ), the sound
absorption coefficient could reach 0. 85.
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Fig. 12 Sound absorption coefficient curves for multi-layer series MPPs before and after optimization: (a) two layers;

(b) three layers; (c) four layers; (d) five layers

3.5 Optimized fitting results

To verify the sensitivity of the optimized results to
the theoretical prediction method, the optimized four-
layer and five-layer structural parameters in Table 3 were
selected for finite element simulation by COMSOL. As
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shown in Fig. 13, the theoretical predictions based on the
transfer matrix method are in excellent agreement with the
COMSOL simulation results, with the RMSE lower than
0. 08 and R’ higher than 0. 70. This demonstrates that the
optimized results are robust.
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Fig. 13 Optimized fitting results for four-layer and five-layer series MPPs. (a) four layers; (b) five layers

As shown in Fig. 14, the optimized five-layer series
MPPs exhibit the broadest absorption bandwidth and the
highest  absorption  coefficient at  anti-resonance
frequencies. The average sound absorption coefficients
for the optimized two-layer, three-layer, and four-layer
series MPPs are 0.75, 0.83, 0.93, and 0.96,
respectively. Increasing the layer numbers effectively
expands the effective absorption bandwidth and improves

the average sound absorption coefficient. Therefore, the
sound absorption efficiency of multi-layer series MPPs is
positively correlated with the layer numbers. However,
considering the increased cost, the four-layer series
MPPs, which achieve an average sound absorption
coefficient of 0. 93 in the 100-4 000 Hz frequency band,
should be regarded as a more advantageous sound-
absorbing structure.
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14 Comparison of sound absorption performance of
multi-layer series MPPs after optimization

4 Conclusions

Based on Ma’ s theory, the study aims to meet the
demand for high-frequency traffic noise control and
overcome the bottleneck of the narrow sound absorption
bandwidth of a single-layer MPP.

1) The sound absorption coefficient calculated by
the transfer matrix method would be more reliable than
that obtained by the acoustic-electrical analogy method.

2) The

sound absorption performance of the

optimized multi-layer series MPPs is comprehensively
improved across the range of 100—-4 000 Hz. Furthermore,
the sound absorption efficiency of multi-layer series MPPs
exhibits a positive correlation with the layer numbers.
Among the structures studied, the five-layer series MPPs
demonstrate the optimal sound absorption performance.
The frequency bandwidth with an absorption coefficient
higher than 0.85 covers 200-4 000 Hz, and the average
absorption coefficient reaches 0. 96.
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