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ABSTRACT

Introduction: Microperforated panels (MPPs), often considered as potential replacements for fiber
absorbers, have a significant limitation in their absorption bandwidth, particularly around the natural
frequency. This study aims to address this challenge by focusing on the optimization and modeling of
sound absorption in a manufactured MPP.

Material and Methods: The study employed Response Surface Methodology (RSM) with a Central
Composite Design (CCD) approach using Design Expert software to determine the average normal
absorption coefficient within the frequency range of 125 to 2500 Hz. Numerical simulations using the
Finite Element Method (FEM) were conducted to validate the RSM findings. An MPP absorber was then
designed, manufactured, and evaluated for its normal absorption coefficient using an impedance tube.
Additionally, a theoretical Equivalent Circuit Model (ECM) was utilized to predict the normal absorption
coefficient for the manufactured MPP.

Results: The optimization process revealed that setting the hole diameter to 0.3 mm, the percentage of
perforation to 2.5%, and the air cavity depth behind the panel to 25 mm resulted in maximum absorption
within the specified frequency range. Under these optimized conditions, the average absorption
coefficient closely aligned with the predictions generated by RSM across numerical, theoretical, and
laboratory assessments, demonstrating a 13.8% improvement compared to non-optimized MPPs.
Conclusion: This study demonstrates the effectiveness of using RSM to optimize the parameters affecting
MPP performance. The substantial correlation between the FEM numerical model, ECM theory model,
and impedance tube results positions these models as both cost-effective and reliable alternatives to
conventional laboratory methods. The consistency of these models with the experimental outcomes
validates their potential for practical applications.
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1. INTRODUCTION

Controlling and absorbing low-frequency
sound presents a significant challenge in noise
control due to the long wavelengths involved.
While traditional porous materials like rock
wool and glass wool are commonly utilized for
noise absorption, they still require thicknesses
matching the wavelength of the target frequency,
making them impractical due to space and cost
constraints. Additionally, these materials are
unsuitable for sterile environments like hospitals
and food industries, as they can disperse harmful
fibers, posing health risks. Micro-perforated
panels (MPPs) have emerged as a new-generation
solution for noise absorption, offering advantages
such as durability, easy cleaning, aesthetic appeal,
and cost-effectiveness. MPPs, when compared to
materials of similar thickness, provide a broader
frequency band for sound absorption, better fire
resistance, and superior performance at lower
frequencies. Consequently, MPPs are widely
adopted in architectural acoustics, automotive
mufller systems, medical equipment, and power
distribution transformers. However, MPPs have
a fundamental limitation: their absorption is
confined to a specific natural frequency range
due to resonance phenomena, leading to a narrow
absorption bandwidth. Various strategies have been
explored to enhance MPPs performance, including
the incorporation of honeycomb structures, multi-
MPP configurations, and non-planar panels, yet
practical implementation remains limited due to
technical and cost challenges. Given the impact
of parameters like hole diameter, panel thickness,
and perforation percentage on MPPs performance,
optimization is  crucial. ~While complex
optimization methods like genetic algorithms and
particle swarm optimization have been used, they
often lack simplicity and convergence. In contrast,
Response Surface Methodology (RSM) offers a
simpler and more effective approach. This study
introduces RSM as a technique for optimizing MPP
absorbers, with a specific focus on improving the
average sound absorption coefficient between 125
and 2500 Hz. The effectiveness of this approach
is validated through Finite Element Method
(FEM) simulations and experimental evaluations
conducted using an impedance tube.

2. MATERIAL AND METHODS
Response  Surface  Methodology  (RSM)
RSM involves statistical techniques and applied
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mathematics to create empirical models aimed
at optimizing a response (dependent variable)
influenced by multiple input variables (independent
variables). By adjusting these input variables in each
experiment, RSM identifies the factors that cause
changes in the response variable. After constructing
an approximate model, it is tested for adequacy;
if the results are not satisfactory, the process is
repeated with additional tests. This approach
minimizes the number of required experiments
and allows for the estimation of coeflicients in first
and second-degree regression models, including
the interaction effects between factors.

Y=g+ SAX YA YSAXY, (1)
i=1 i=1

i=1 i=l

Here, the symbol ‘K denotes the count of
independent variables, while X, and X, stand
for specific independent variables. The term P_0
signifies the constant coefficient, and B_ij X_i X_J
indicate the coefficients of linear effects, square
effects, and reciprocal effects respectively. This
research focused on optimizing MPP absorbents
through the application of RSM, employing the
CCD approach, facilitated by the Design Expert
software version 11. The response was the average
absorption coefficient within the frequency range
of 125 to 2500 Hz, measured at 1 Hz intervals,
derived from the following formula:

> alf)

0

Maximise: o = ,i=1,2,3....N, @)

a(f;) represents the value of normal sound
absorption coefficient at f; frequency. N,
represents the ratio of the difference between the
upper and lower limits of the frequency range
over the frequency steps. The average normal
absorption coefficient, considered as the response,
was simulated using the FEM numerical approach.
Models generated by Design Expert software
were analyzed for significance through p-value
analysis. Coeflicients with p-values above 0.05
were deemed insignificant and removed, leaving
a refined model with only significant parameters
(p<0.05). The model's adequacy was confirmed
by checking both the correlation coefficient and
the adjusted correlation coefficient. Furthermore,
three-dimensional designs and contour plots of the
regression models were employed to visually and
graphically assess the effects of the independent
variables.
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Fig. 1: Two-microphone impedance Tube setup

Finite Element Method (FEM) Analysis

FEM was used to simulate the response using
COMSOL software. FEM works by dividing the
solution domain into smaller subdomains, where
values are interconnected through interpolation
functions. According to ISO 10534-2, the normal
absorption coeflicient was numerically determined
using a two-dimensional rectangular representation
of an impedance tube with a channel length of 250
mm and a width of 100 mm. The simulation used a
maximum mesh size of 4 mm, air density of 1.225
kg/m®, and sound speed of 343 m/s. The MPP
panel was assumed to be rigid enough to neglect
vibrations from sound waves.

Equivalent Circuit Model (ECM)

The ECM for MPP absorbers, initially proposed
by Maa, is based on the idea that reducing hole
diameter enhances sound absorption without
needing fibrous or porous materials. The absorption
coefficient, indicative of the MPP’s impedance, is
calculated using the below equation:

_ 4R[Z,,] (3)
(1+Re[z,]) +im[2,]

The MPP absorber is conceptualized as an array
of slender tubes on the panel’s surface, and sound
transmission through these tubes is described by
differential equations. The particle velocity within
these tubes is computed using Bessel functions and
results in an equation for acoustic impedance. For
intermediate values of the perforation constant,
Maa’s approximation method provides a practical

[Do!

formula. The overall impedance of the MPP is
derived by dividing the impedance of a single
hole by the perforation percentage. To account
for additional effects such as air viscosity and
mass diffusion, correction coefficients are added
to the impedance calculations. MPPs are typically
installed at a specific distance from the wall to
optimize absorption. The total acoustic impedance
is then determined by combining the impedance of
the MPP and the air layer using series and parallel
rules. The abovementioned calculations were
implemented in MATLAB code to estimate the
MPP’s normal absorption coefficient based on the
ECM theory.

Experimental validation

The experimental validation of the optimized
MPP absorber involved crafting the absorber using
UV epoxy resin with 3D printing technology. Two
MPP samples with diameters of 30 and 100 mm
were produced. The normal sound absorption
coefficient was measured using a BSWA two-
microphone impedance tube, following the transfer
function method as per ISO 10534-2 standards.
In this setup, a specific noise signal is transmitted
through a speaker, and the sound pressure at two
fixed positions on the tube wall is measured using
microphones. These measurements allow the
calculation of the sound pressure transfer function,
which is used to derive the acoustic reflection
coefficient “R” and the sound absorption coefficient
“a” The experiment employed a setup that included
a speaker, a digital frequency measurement system,
two tubes, an amplifier, microphones, and software.
Finally, the absorption coeflicients obtained from
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theoretical, numerical, and experimental models
were compared to analyze the performance of the
MPP absorber.

3. RESULTS AND DISCUSSION

The study revealed that smaller hole diametersin
micro-perforated panel (MPP) absorbers result in a
higher average sound absorption coeflicient within
the frequency range of 125-2500 Hz. Specifically,
reducing the hole diameter from 1 mm to 0.4 mm
decreased the absorption peak but expanded the
absorption frequency range, aligning with findings
from other studies. This improvement is attributed
to the interplay between resistance and reactance
in the absorber. As hole diameters decrease,
the mass of moving air (reactance) reduces,
necessitating an increase in acoustic resistance to
maintain impedance balance, thus enhancing the
average absorption coeflicient. However, there
are limits to this approach, and optimizing these
factors requires careful consideration of various
parameters. Response Surface Methodology (RSM)
was used to determine the optimal hole diameter
for broadening the absorption range and achieving
a significant peak within the frequency range of
125-2500 Hz. The optimal diameter identified was
0.3 mm. Additionally, the perforation percentage
was found to impact performance significantly.
Decreasing the perforation percentage led to an
increased average absorption coefficient by shifting
the resonant frequency to lower frequencies, which
aligns with theoretical predictions and previous
studies. Another crucial factor was the depth or air
gap behind the panel. An increased depth resulted
in a higher average absorption coefficient across
the frequency range. This is because a larger air gap
acts like a spring with reduced stiffness, allowing
lower-frequency sound waves to effectively induce
vibration. This mechanism enhances absorption
by enabling longer wavelengths to penetrate the
absorber and interfere constructively, which
was consistent with findings from other studies.
The optimal absorption peak was observed at
approximately 1400 Hz, corresponding to a
wavelength of about 23.8 cm. The study’s findings
suggest that with a total panel depth of 2.5 cm, the
absorption peak occurred at a depth less than the
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recommended % wavelength rule. This indicates
that thinner structures can be designed through
optimization, which is particularly beneficial
in space-constrained environments. The study
also validated the Finite Element Method (FEM)
used in the RSM optimization tests with results
showing good agreement between simulated and
experimental outcomes. Similarly, the Equivalent
Circuit Model (ECM) provided accurate predictions
of absorption coefficients. Both FEM and ECM
models proved to be effective and cost-efficient
alternatives to traditional laboratory techniques,
supporting their integration into acoustic design
and optimization practices. These models offer
a robust approach to predicting and enhancing
acoustic performance while reducing the need for
extensive experimental testing.

4. CONCLUSIONS

In this study, MPP optimization was conducted
using Response Surface Methodology (RSM) and
the Central Composite Design (CCD) approach
within Design Expert software, targeting a
frequency range of 125 to 2500 Hz through both
experimental and numerical methods. Key findings
include:

o Decreasing the perforation percentage and
hole diameter, combined with increasing the air
gap behind the panel, significantly improved the
average absorption coefficient across the studied
frequency range.

« RSM proved to be an effective and efficient
method for evaluating the impact of multiple
parameters on MPP absorber performance.

o RSM results closely matched laboratory
outcomes, showing a strong correlation with
decision variables, parameter limits, and study
constraints.

o The Finite Element Method (FEM)
and Equivalent Circuit Model (ECM) both
demonstrated good agreement with impedance
tube results, suggesting they are reliable alternatives
to complex and expensive laboratory techniques.
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