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Abstract: This study conducts a numerical analysis of low-frequency sound absorption in micro-perforated panels (MPPs) and porous
composites using the finite element method within COMSOL Multiphysics 6.2. The primary aim is to optimize the acoustic performance
of MPP-based composite structures by systematically refining key design parameters, including hole diameter, perforation ratio, panel
thickness, and air gap depth in combination with a porous layer. The research follows a multi-phase approach to evaluate the effects
of these parameters and their interactions in various configurations. First, the influence of MPP characteristics on sound absorption
coefficient was examined with a focus on optimizing to achieve maximum performance. Second, the integration of porous composite
layers with MPPs in two distinct stacking configurations was explored: one with the porous layer placed behind and in front of the
MPP. The third phase investigated the role of an air layer, analyzing the effects of varying its thickness and positioning to optimize
impedance matching and enhance low-frequency sound absorption. Additionally, the impact of an additional air gap between layers was
examined to identify configurations that maximize broadband absorption. The findings reveal that a strategic combination of MPPs,
porous composites, and optimally positioned air gaps significantly enhances low-frequency sound absorption (50–1000 Hz). Results
indicate that fine-tuning MPP perforation characteristics, in conjunction with carefully selected porous materials and well-calibrated
air gaps, leads to a marked improvement in overall absorption efficiency. This study establishes a novel framework for designing high-
performance acoustic panels, offering innovative solutions for noise control in architectural, transportation, and industrial applications.
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1. Introduction

In today’s rapidly advancing world, noise pollution has
become a critical issue affecting both developed and developing
countries, with significant consequences for human health and
productivity [1]. The effects of noise pollution are wide-ranging,
including increased stress, cognitive decline, sleep problems, heart
conditions, restlessness, and elevated blood pressure [2–4]. A com-
mon approach to reducing environmental noise involves the use
of sound absorbers. Acoustic absorbers are categorized into
porous, Helmholtz, and panel (or membrane) types, with porous
absorbers standing out for their cost-efficiency and high absorp-
tion performance [5]. Fiber-based materials utilized in porous
sound absorbers are broadly categorized into natural and syn-
thetic fibers. While synthetic fibers demonstrate superior sound
absorption at higher frequencies (above 2000 Hz), growing envi-
ronmental and health concerns have driven research toward
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sustainable natural fiber alternatives [6, 7]. Natural fibers not only
provide effective acoustic absorption but also offer advantages
such as lightweight characteristics, environmental sustainabil-
ity, and safety, making them an attractive choice for acoustic
applications [8, 9]. However, a significant limitation of porous
absorbers is their reduced efficiency in the low-frequency range
(below 1000 Hz) [10], which encompasses critical noise sources
such as industrial machinery, vehicular noise, and human speech
(500–1000 Hz) [11]. Addressing low-frequency noise is partic-
ularly challenging due to its long wavelengths, necessitating
absorbers with considerable thickness [12]. However, practical
constraints, including spatial limitations and production costs,
often make such solutions unfeasible. Moreover, fibrous porous
materials present additional drawbacks, such as potential fiber
shedding, making them unsuitable for sterile environments due to
associated health risks. These materials are also vulnerable to fire,
moisture, wind, and mechanical stress, further restricting their
application in low-frequency indoor noise control [13, 14]. Various
strategies, such as increasing the absorber thickness or intro-
ducing air gaps, have been explored to enhance low-frequency
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absorption [15–17]. However, these approaches often conflict with
the 𝜆/4 principle. For instance, achieving efficient absorption
at 300 Hz would require an impractically thick absorber of
approximately 29 cm, underscoring the necessity for innovative
material designs and structural modifications to improve acous-
tic performance in the low-frequency domain [18]. To enhance
low-frequency sound absorption, researchers have increasingly
explored micro-perforated panels (MPPs), an advanced class of
sound absorbers [19, 20]. MPPs feature perforations ranging from
0.1 mm to 1 mm in diameter, which effectively dissipate acous-
tic energy by inducing air oscillations within the perforations [21].
This mechanism converts sound energy into heat through fric-
tion and thermal losses. The absorption performance of MPPs is
governed by several key parameters, including perforation diam-
eter, spacing, perforation ratio, panel thickness, cavity depth,
and material composition [22]. The diameter of the perfora-
tions plays a crucial role in determining acoustic behavior, as
each hole functions similarly to a miniature Helmholtz resonator
[23]. Smaller perforations enhance energy dissipation through
increased viscous and thermal interactions [24], improving high-
frequency absorption but restricting the effective bandwidth [17].
Conversely, larger perforations lower the resonant frequency
and broaden the absorption range, although peak efficiency
may decrease. By optimizing perforation size distributions or
implementing multilayered panel configurations, MPPs can be
engineered to achieve wideband absorption. Another critical fac-
tor is the perforation ratio, which represents the proportion of
the panel surface occupied by perforations. A higher perfora-
tion ratio enhances sound-wave interaction, thereby improving
high-frequency absorption, while a lower ratio increases airflow
resistance, benefiting low-frequency performance [25]. Achieving
an optimal balance between these effects is essential for appli-
cations spanning low-frequency noise control in architectural
acoustics to mid- and high-frequency attenuation in automo-
tive and industrial settings. The panel thickness and cavity depth
behind the MPP also significantly influence absorption character-
istics. Thicker panels and deeper cavities facilitate low-frequency
absorption by shifting resonance frequencies and accommodating
longer wavelengths [26]. Conversely, thinner panels with shal-
lower cavities are more effective for high-frequency noise control.
Advanced configurations, such as multi-depth cavity structures,
further enhance broadband absorption by integrating multiple
resonance effects. Material properties are equally vital in MPP
design, where lightweight, flexible materials are better suited for
low frequencies [27]. High damping properties enhance energy dis-
sipation, while porous structures allow deeper sound penetration,
optimizing overall absorption efficiency. In this regard, natu-
ral fiber-reinforced polymer composites (NFRPCs) incorporating
fibers present sustainable alternatives with customizable acoustic
properties [28]. The integration of NFRPCs with MPP technology
offers effective impedance matching and enhanced energy dissi-
pation, making them highly suitable for environmentally friendly
and efficient noise control applications.

The finite element method (FEM) is an essential compu-
tational tool for simulating and optimizing the acoustic perfor-
mance of the MPPs and porous composites [29]. By enabling the
detailed modeling of complex geometries and sound-wave inter-
actions within materials, FEM provides valuable insights into the
absorption characteristics of different configurations. Through
the numerical solution of acoustic wave equations within a dis-
cretized model, FEM facilitates an in-depth understanding of key
factors influencing sound absorption, including material proper-
ties, geometric parameters, and boundary conditions [30]. In the

context of MPPs and porous composites, FEM simulations are
particularly useful for evaluating the impact of design variables on
acoustic efficiency, allowing researchers to refine panel structures
and material compositions for optimal performance. The abil-
ity to analyze absorption characteristics across a broad frequency
spectrum is especially beneficial for addressing the challenges
associated with low-frequency sound mitigation. Additionally,
FEM modeling reveals the fundamental physical mechanisms
governing sound absorption, enhancing the understanding of
how material structures and configurations contribute to overall
acoustic behavior [31]. MPPs are considered an advanced alterna-
tive to conventional fiber-based sound absorbers. However, their
absorption mechanism, primarily governed by Helmholtz reso-
nance, often results in a limited frequency bandwidth and reduced
efficiency. To address this limitation, researchers have explored
various strategies to enhance the absorption range of MPPs, such
as optimizing air cavity dimensions [32], employing dual-panel
configurations [33], and modifying structural parameters. One
promising approach involves integrating porous absorbers within
the rear air cavity, which not only extends the effective absorp-
tion bandwidth but also enhances low-frequency performance [34,
35]. In recent years, there has been increasing interest in utilizing
natural fibers as sustainable sound-absorbing materials.

This study examines the potential of combining natural
fiber-reinforced composites (NFRCs) with MPP structures to
enhance sound absorption, particularly in the sub-2500 Hz fre-
quency range. The research focuses on evaluating the influence
of innovative panel configurations on absorption performance by
systematically varying parameters such as cavity depth, perfora-
tion size and ratio, and panel thickness. A simulated composite
system is developed, incorporating an NFRC layer, an MPP layer,
and an air gap. The study utilizes material properties of date palm
fiber, as reported in Taban et al.’s [36] research, and conducts
FEM-based simulations in COMSOL Multiphysics 6.2 for pre-
cise acoustic analysis. The primary objective is to assess how novel
design configurations influence sound absorption efficiency. The
findings of this study highlight the novelty of integrating NFRCs
with MPP structures to achieve enhanced low-frequency sound
absorption. Unlike previous studies that focused primarily on
conventional materials or isolated MPP designs, this work system-
atically explores innovative panel configurations and parameter
variations to optimize acoustic performance. The results provide
practical guidance for designing sustainable, high-performance
acoustic materials and demonstrate their potential applicability
in architectural acoustics, transportation systems, and industrial
noise control, thereby bridging the gap between simulation-driven
research and real-world implementation.

2. Theoretical Framework

2.1. Acoustics theory

The Helmholtz equation describes wave propagation in a
homogeneous medium in the frequency domain. A plane wave is
given by:

𝜕2p𝜕x2
= 1
c2

𝜕2p𝜕t2 (1)

where p is the acoustic pressure and c is the speed of sound.
This equation is derived from the linearized wave equation
under the assumption of time-harmonic solutions. In acoustics,
boundary conditions such as rigid walls, impedance surfaces,
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or fluid-structure interfaces modify wave behavior, affecting
absorption, reflection, and transmission. For porous materials,
the Delany–Bazley model is coupled with the Helmholtz equation
to account for viscous and thermal losses. The absorption
coefficient (𝛼) is determined using the following equation:

𝛼 = 1 − |R|2 (2)

where R is the pressure reflection coefficient.

2.2. MPP theory

The concept of acoustic impedance in the MPPs was
first introduced by Maa [37]. According to Maa’s foundational
research, the acoustic impedance and absorption coefficient of
MPPs can be determined using the following equations:

ZMPP = ZResistance + ZReactance = r + i𝜔m (3)

r = 32𝜂t𝜌0c0d2𝜎 [√1 + x2

32
+ xd√2

32
+ xd√2

8t
] (4)

m = t𝜎c0
[1 + (9 + x2

2
)−0.5 + 0.85d

t
] (5)

x = d
2√𝜔𝜌0𝜂 (6)

𝛼 = 4r(1 + r)2 + (𝜔m − cot(𝜔D/c))2
(7)

In these equations, r and m represent resistance and reac-
tance, respectively. The parameter 𝜌0 denotes air density, while c0
corresponds to the speed of sound in air. The angular frequency
is given by 𝜔, t signifies the thickness of the MPP, 𝜎 represents
the perforation ratio, d refers to the perforation diameter, and𝜂 denotes air viscosity. As is evident, acoustic impedance consists
of both real and imaginary components. The real part, known as
resistance, accounts for the viscous dissipation occurring as air
flows through the perforations, leading to frictional energy loss.
In contrast, the imaginary component, referred to as reactance,
relates to the inertial effects of the oscillating air mass within the
perforations. The model proposed by Delany and Bazley (D&B) in
1970 was the first of its kind, offering a straightforward, rapid, and
semi-empirical approach for estimating the surface characteristic
impedance and propagation constant of porous materials based
on flow resistivity [38]. This model was derived through power–law
relationships obtained by curve-fitting extensive experimental data
on fibrous materials. The following formulation is employed to
approximate the acoustical properties of porous media:

k = 𝜔
c0
[1 + C1(X)−C2 − iC3(X)−C4] (8)

Zc = 𝜌0c0 [1 + C5(X)−C6 − iC7(X)−C8] (9)

X = 𝜌0 f𝜎 (10)

where 𝜌0 represents the density of air, c0 is the speed of sound in
air, Zc denotes the characteristic impedance, and Kc is the prop-
agation constant. The variables f and 𝜔 correspond to frequency
and angular frequency, respectively, while 𝜎 signifies the static
airflow resistivity. Additionally, R represents the sound pres-
sure reflection coefficient, Zs denotes the surface impedance, and
d refers to the sample thickness. A limitation of Maa’s theory is
that it assumes the perforations are cylindrical and uniformly dis-
tributed across the panel [37]. While the model effectively predicts
sound absorption performance based on panel properties and cav-
ity depth, its accuracy diminishes when the micro- perforations
vary in size or have irregular shapes [39].

2.3. Delany–Bazley model

While the D&B model remains a widely used approach for
estimating the sound absorption coefficient (SAC) of various min-
eral and synthetic fibrous materials, its applicability is constrained
by several limitations. Specifically, the model struggles to accu-
rately predict the acoustic behavior of thicker natural fiber-based
samples and has a restricted range of validity [40]. A key chal-
lenge lies in the precise measurement of airflow resistivity, which
serves as the model’s primary parameter. The porosity should be
nearly 1, a condition met by most purpose-built fibrous absorbers
(0.01 < X < 1.0), indicating that the formulations are applica-
ble only within a specific frequency range [41]. In natural fiber
composites, non-laminar airflow and minimal pressure differen-
tials across the sample can complicate resistivity measurements,
leading to deviations in absorption predictions. To address these
shortcomings, researchers have proposed multiple refinements to
enhance the model’s predictive accuracy and extend its applicabil-
ity to a broader range of materials. For example, Miki [42] and
Komatsu [43] introduced constraints to the D&B model, ensur-
ing physically meaningful values for the propagation coefficient
and characteristic impedance while also refining the model’s accu-
racy at lower frequencies. In this study, we adopt the best-fit
inverse methodology introduced by Berardi et al. as a founda-
tional approach to optimize the model coefficients (ci), where
i = 1, 2, ..., 8). By fitting experimental results to the D&B
equations, the optimized coefficients are derived using the
Nelder–Mead simplex algorithm. Table 1 shows the optimized
and original values of C1–C8 for this study. The parametric inves-
tigation process minimizes the squared difference between the
measured and predicted absorption coefficients, yielding an error
function that quantifies the model’s accuracy.

Table 1
Optimized and original values of C1–C8

Coefficient Optimized value Original values

C1 0.6399 0.0978

C2 –0.6002 0.7

C3 0.1987 0.189

C4 0.5472 0.595

C5 0.0003 0.0571

C6 2.210 0.754

C7 0.0662 0.087

C8 0.8461 0.732
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Figure 1
Schematic of the impedance tube with a fine default mesh

3. Research Methodology

3.1. Research design

The numerical simulations in this study were conducted using
COMSOL Multiphysics 6.2, which employs the FEM to deter-
mine the SAC. A three-dimensional impedance tube model with a
 diameter of 30 mm and a length of 300 mm was developed using
the pressure acoustics physics interface. The MPP was defined as
an interior perforated plate boundary, while the porous material
was represented using the poroacoustics domain, incorporating
frequency-dependent effective fluid density 𝜌(𝜔) and bulk mod-
ulus K(𝜔) to describe the equivalent fluid–solid system. The
incident pressure was applied through a circular port with a pres-
sure amplitude of 1 Pa, and the porous material was backed by a
rigid wall. Among the various poroacoustics models available in
COMSOL, the Delany–Bazley–Miki model was selected, requir-
ing only flow resistivity as input. The MPP simulation involved
three key parameters: hole diameter, plate thickness, and area
porosity, which were varied to obtain optimized results. The final
configuration was chosen based on low-frequency performance
constraints. Figure 1 illustrates the schematic of the impedance
tube, incorporating a fine default mesh to ensure accurate
simulation and analysis of sound absorption characteristics.

The study was conducted in three distinct phases to system-
atically analyze and optimize the acoustic performance of MPP
structures combined with porous materials. In the first phase, the
focus was on evaluating the influence of key MPP parameters,
including perforation ratio, hole diameter, and panel thickness.
These parameters were individually analyzed and then collectively

optimized to identify the most effective configuration for sound
absorption enhancement. The second phase examined the inte-
gration of the MPP layer with a porous absorber, considering
two different configurations: one with the porous layer positioned
behind the MPP and another with it placed in front. The thick-
ness of the porous layer was selected based on the optimal sample
identified in Taban et al.’s study [36] and was maintained constant
throughout the analysis. This phase aimed to assess how various
MPP design parameters influence the acoustic behavior of the
porous absorber. In the third phase, the impact of an air gap on
the absorption coefficient was explored by varying its thickness
and placement within the system. The objective was to identify
the most effective configuration for enhancing sound absorption,
particularly in the low-frequency range while maintaining broad
bandwidth performance. The specifications and values of the
parameters investigated in this study are summarized in Table 2.
Figure 2 provides a visual representation of all the configurations
for FEM modeling.

Table 2
Specifications and values of each parameter

Parameters Values

Hole diameter (mm) 0.7, 0.8, 0.9, 1

Perforation ratio (%) 0.1, 0.5, 1, 1.5, 2

MPP thickness (mm) 0.5, 1, 1.5, 2, 2.5, 3

Thickness of porous layer (mm) 40 (constant)

Air gap thickness (mm) 10, 20, 30, 40, 50, 60

Figure 2
Visual representation of all the configurations for FEM modeling
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4. Result and Discussion

4.1. The MPP structure

Figure 3 illustrates parameters affecting sound absorption
properties of the MPP structure, including panel thickness, hole
diameter, and perforation ratio, as well as parametric investiga-
tion of all parameters altogether, focusing on frequencies below
2500 Hz. Figure 3(a) provides a detailed depiction of how variations
in hole diameter affect the acoustic performance of the MPP. The
data reveal that smaller hole diameters enhance both the absorption
peak and the overall performance at lower frequencies, suggest-
ing a direct correlation between reduced hole size and a higher
resonance peak. Conversely, increasing the hole diameter dimin-
ishes the absorption coefficient and weakens the resonance peak.
These findings underscore the critical role of hole diameter as a
key parameter significantly influencing the behavior of the MPPs.
Therefore, accurate determination of hole dimensions is essential to
achieve the desired acoustic properties. As illustrated in Figure 3(b),
an increase in the perforation ratio of the panel induces a shift in
the resonance frequency toward higher frequencies, concomitantly
increasing absorption at those higher frequencies. Conversely, a
reduction in the perforation ratio leads to an increase in the
absorption peak, causing it to transition toward lower frequencies.

To clarify, at a frequency of 500 Hz, panels with perforation
ratios of 0.5 and 1% exhibit absorption coefficients of over 0.9
and 0.8, respectively. Interestingly, the reduction in the percentage
of perforation enhances absorption at lower frequencies, whereas
an augmentation in the perforation ratio improves absorption at
higher frequencies. It is noteworthy that this manipulation primar-
ily affects the bandwidth rather than altering the peak amplitude.
Thus, the study underscores the critical importance of selecting an
appropriate perforation ratio to attain the desired bandwidth and
optimal absorption range. As depicted in Figure 3(c) increasing
the panel thickness is associated with an elevation in the resonance
peak and heightened absorption at low frequencies, albeit at the
cost of a narrower overall bandwidth. Conversely, reducing panel
thickness leads to a diminished resonance peak and a smoother
graph. For instance, at a frequency of 400 Hz, a composite with
a thickness of 0.5 mm exhibits an absorption coefficient of 0.1,
whereas a thickness of 3 mm yields an absorption coefficient of
1, which is primarily due to the enhanced interaction between the
sound wave and the material. On the other hand, at a frequency
of 1000 Hz, a composite with a thickness of 0.5 mm exhibits an
absorption coefficient of 0.5, whereas a thickness of 3 mm yields
an absorption coefficient of 0.1. Unlike the hole diameter, which
predominantly influences the resonance peak, the panel thickness
appears to play a role in determining the bandwidth.

Figure 3
Influence of various parameters on the sound absorption coefficient of micro-perforated panels: (a) effect of hole diameter, (b) effect of

perforation ratio, (c) effect of thickness of MPP, (d) parametric investigation
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4.2. Effect of MPP and porous layer

Figure 4 investigates the influence of MPP parameters on
the sound absorption performance of a composite system com-
prising a porous layer and an MPP, where the MPP is positioned
behind the porous layer, ensuring that acoustic waves first inter-
act with the porous material before reaching the MPP. The effect
of each parameter was systematically analyzed, and a parametric
investigation study was conducted to identify the best combina-
tion of parameters for enhanced sound absorption. The thickness
of the porous layer was kept constant throughout the simulations
(40 mm), focusing exclusively on the variations in MPP properties.
The results provide insights into how different configurations of
MPPs can change the acoustic performance of composite systems.
As observed in all the graphs, the trends are consistent, confirm-
ing that integrating an MPP behind a porous material does not
significantly enhance the SAC. Variations in hole diameter, per-
foration ratio, and panel thickness exhibit negligible influence on
SAC, indicating that the MPP layer does not contribute mean-
ingfully to the system’s acoustic performance. Instead, the porous
material remains the primary absorber, with its intrinsic properties
governing the absorption characteristics. A 40 mm thick porous
material exhibits superior absorption, particularly in the mid- to
high-frequency range, achieving an average SAC of 0.7–0.9. How-
ever, the lack of performance improvement with the addition

of MPP suggests that this structural configuration is acousti-
cally ineffective. The consistent behavior across all cases implies
that the MPP, in this arrangement, functions merely as a passive
layer without actively enhancing sound dissipation. To achieve
greater absorption efficiency, alternative configurations should be
considered, such as embedding the MPP within the porous struc-
ture, introducing an optimized air gap to better interact with the
acoustic wave propagation.

Figure 5 explores the impact of the MPP parameters on
the SAC performance of a composite system, where the MPP is
positioned in front of the porous material. In this configuration,
acoustic waves interact with the MPP first before propagating
through the porous layer to systematically analyze the effects of
these parameters and optimize their combination for enhanced
sound absorption. This configuration provides a unique insight
into the interplay between the MPP and the porous layer, partic-
ularly in the absorption of low-frequency acoustic waves. Figure
5(a) depicts the influence of hole diameter on the SAC for an
MPP positioned in front of a porous layer. Across the 0–500 Hz
frequency range, the SAC exhibits a consistent trend, indicat-
ing that variations in dh have a negligible effect on absorption.
However, at frequencies exceeding 700 Hz, minor differences
emerge, with smaller hole diameters (dh = 0.7 mm) demonstrating
slightly enhanced sound absorption performance. The perforation
ratio significantly affects the acoustic performance, as depicted

Figure 4
Influence of MPP parameters on sound absorption performance of the first configuration (porous–MPP, PM) (the MPP is positioned

behind the porous layer): (a) effect of hole diameter, (b) effect of perforation ratio, (c) effect of thickness of MPP, (d) parametric
investigation
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Figure 5
Influence of MPP parameters on sound absorption performance of the second configuration (MPP–porous, MP) (MPP is positioned
in front of the porous material): (a) effect of hole diameter, (b) effect of perforation ratio, (c) effect of thickness of MPP, (d) parametric

investigation

in Figure 5(b). A lower perforation ratio (𝜎 = 0.5%) achieves
the most prominent peak at low frequencies but shows a rapid
decline at higher frequencies. In contrast, higher perforation ratios
(𝜎 = 2%) provide broader absorption at mid-frequencies com-
pared to the low perforation and provide broader absorption
across the mid-to-high range. A perforation ratio of 0.1 exhibits
the lowest sound absorption across both low and high fre-
quencies, with a peak absorption of approximately 0.4 at lower
frequencies. This behavior is attributed to the insufficient inter-
action between the perforations and the acoustic wave, leading
to reduced energy dissipation. The limited perforation restricts
airflow resistance and viscous losses, resulting in suboptimal
absorption performance across the frequency spectrum.

Figure 5(c) shows how varying the MPP thickness affects
the absorption coefficient. Thicker panels demonstrate better
absorption performance at lower frequencies, with a peak around
0–700 Hz. However, thinner panels (tp = 0.5 mm) show broader
absorption peaks at mid to high frequencies. This phenomenon
arises from the mass–air compliance effect and resonance behav-
ior of the MPP. Thicker panels (tp = 3 mm) increase acoustic
mass, lowering the resonance frequency and enhancing low-
frequency absorption (0–500 Hz), while thinner panels have lower
mass, shifting resonance to higher frequencies and providing
broader absorption across the mid-to-high range. Figure 5(d)
combines the effects of dh, tp, and 𝜎 to identify the optimal com-
bination of parameters for maximum sound absorption. Smaller
hole diameters (dh = 0.7 mm), intermediate panel thicknesses

Figure 6
Effect of air cavity depths on the sound absorption coefficient of

MPP–air–porous structure, third configuration (MAP)

(tp = 2.5 mm), and moderate perforation ratios (𝜎 = 0.5%) pro-
duce the best overall absorption, particularly at 0–500 Hz. The
results emphasize the interdependence of these parameters in
achieving desired acoustic performance. These findings provide a
comprehensive understanding of how MPP parameters interact
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with a porous layer when the MPP is placed in front, paving the
way for further optimization of sound absorption systems. The
two configurations of the MPP and porous layers display dis-
tinct sound absorption characteristics due to their unique layer
configurations. When the MPP is positioned behind the porous
material, the system achieves enhanced absorption in the mid-
to high-frequency ranges. In this configuration, the porous layer
directly interacts with the incoming sound waves, and the MPP’s
parameters have no significant effect on the SAC. Conversely,
when the MPP is placed in front of the porous material, the
system is more effective at absorbing low frequencies. The MPP
utilizes resonant effects to modify the sound waves before they
reach the porous layer. The choice of optimal configuration is
application-dependent.

4.3. Effect of MPP, porous layer, and air gap

This section explores the impact of adding an air gap to
MPP composites combined with porous layers. Four different air
gap configurations will be analyzed to determine their effect on
sound absorption performance across various frequencies, aim-
ing to identify optimal designs for improved acoustic efficiency.
Figure 6 shows the influence of cavity depth on the third configu-
ration (MPP–air–porous, MAP), where the MPP is the first layer
in contact with the sound energy, followed by the air gap and the
porous layer.

The results demonstrate that cavity depth significantly influ-
ences the SAC, particularly in the low-frequency range. It can be

observed that increasing the cavity depth shifts the peak absorp-
tion frequency toward lower frequencies, aligning with theoretical
predictions based on acoustic impedance matching. The sample
with a 20 mm cavity depth exhibits the highest peak absorp-
tion at low frequencies. A distinct peak in the SAC is observed
between 400 and 600 Hz for all cavity depths, indicating opti-
mal resonance conditions within this frequency range. This peak
corresponds to the matching of acoustic impedance between the
MPP structure and the surrounding medium. However, beyond
this range (after 600 Hz), the SAC significantly decreases for all
samples. This decline can be attributed to the reduced effective-
ness of the resonance mechanism at higher frequencies, where the
cavity no longer provides the optimal phase shift required for con-
structive interference of sound waves. The decrease in absorption
after 600 Hz suggests that the cavity depth primarily influences
the low-frequency absorption, while higher frequencies are less
impacted by cavity variations. Figure 7 shows the third config-
uration (MAP) of the SAC with frequency for different air gap
thicknesses in the configuration, where the MPP is the first layer
in contact with the sound energy, followed by the air gap and the
porous layer. The position of the back air gap in an MPP structure
has a direct effect on determining the overall sound absorption
performance, particularly in the low-frequency range. This config-
uration allows the sound waves to travel a longer path, increasing
the chances of energy dissipation through viscous and thermal
losses. The air gap acts as a resonant cavity, promoting Helmholtz
resonance at low frequencies, where sound absorption is typically
challenging. By positioning the air gap at the back, the structure

Figure 7
Sound absorption coefficient for MPP–air gap–porous layer with 10–60 mm air gaps (third configuration, MAP): (a) effect of hole

diameter, (b) effect of perforation ratio, (c) effect of thickness of MPP, (d) parametric investigation
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achieves better resonance effects, which amplifies the damping of
acoustic energy and results in superior absorption performance
in the low-frequency domain. Moreover, at higher frequencies,
the air cavity contributes to the formation of standing waves,
such as quarter-wavelength resonance, where the depth of the air
gap matches specific sound wavelengths. This further boosts the
absorption coefficient, ensuring efficient broadband sound atten-
uation. In summary, the strategic placement of the back air cavity
is essential for optimizing the acoustic performance of MPP struc-
tures, as it enhances low-frequency resonance, promotes effective
sound-wave interaction, and facilitates energy dissipation across
a wider frequency range.

The effect of hole diameter on the SAC up to 500 Hz
shows a consistent increasing trend with no significant alterations
among different hole sizes (Figure 7(a)). This behavior indicates
that, in the low-frequency range (below 500 Hz), the Helmholtz
resonance effect, primarily governed by the air gap and MPP
structure, dominates the absorption performance rather than the
hole diameter itself. As the frequency approaches 500 Hz, the
SAC reaches its peak value of approximately 0.95, indicating
maximum sound absorption. This peak occurs due to the reso-
nant interaction between the air cavity and the micro-perforations,
where the acoustic mass and stiffness of the system align with the
incident sound-wave frequency, resulting in efficient energy dissi-
pation. After 500 Hz, there is a slight alteration in the SAC, with
smaller hole diameters exhibiting slightly better absorption per-
formance in the mid- to high-frequency range. Perforation ratios
of 0.5% and 1% exhibit the highest SAC in the low-frequency
range, reaching a peak of around 0.95, as depicted in Figure 7(b).
This excellent low-frequency absorption results from a balanced
interaction between acoustic resistance and Helmholtz resonance,
which effectively dissipates sound energy. In contrast, perfora-
tion ratios of 1.5% and 2% provide enhanced absorption in the
mid-frequency range, demonstrated by a broader SAC curve. The
increased perforation ratio allows for greater airflow through the
panel, leading to higher viscous losses and more efficient absorp-
tion across a wider frequency spectrum. On the other hand, a
0.1% perforation ratio shows the lowest absorption performance,
with a maximum SAC of 0.5 observed only at low frequencies.
The limited airflow caused by the small perforation area restricts
energy dissipation, thereby reducing absorption at higher fre-
quencies. An important trend emerges as the perforation ratio
increases: the absorption peak shifts toward higher frequencies,
indicating a frequency-dependent behavior. For instance, the 2%
perforation ratio achieves a maximum SAC of 0.4 at 2000 Hz,
demonstrating its effectiveness in high-frequency absorption. The
thickness of the MPP has a significant impact on the SAC across
different frequency ranges (Figure 7(c)). Based on the provided
data, increasing the thickness leads to improved low-frequency
sound absorption. Notably, the 2 mm thick sample achieves the
highest SAC of 1.0 in the low-frequency region. However, this
absorption peak is narrow, indicating that thicker panels primarily
enhance absorption within a limited frequency range. In contrast,
the 0.5 mm thick sample demonstrates a broader SAC curve, with
a maximum SAC of 0.85 at 500 Hz. This suggests that thinner
panels provide a wider frequency bandwidth for effective sound
absorption. The broad absorption range of the 0.5 mm thick-
ness sample distinguishes it from thicker configurations (1–3 mm),
making it more suitable for applications where wideband absorp-
tion is desired. Additionally, in the high-frequency range (around
2000 Hz), the 0.5 mm thick panel maintains a SAC of 0.35, which
is the highest value compared to the thicker samples. This supe-
rior performance at higher frequencies highlights the versatility

Figure 8
Effect of air cavity depths on the sound absorption coefficient of

MPP–porous–air structure, fourth configuration, MPA

of thinner MPPs, offering broadband absorption that spans from
mid to high frequencies.

Figure 8 shows the influence of cavity depth on the fourth
configuration (MPP–porous–air, MPA), where the MPP is the
first layer in contact with the sound energy, followed by the porous
layer and the air gap. It is observed that increasing the cavity depth
shifts the peak sound absorption frequency toward lower frequen-
cies. Specifically, the sample with a 60 mm air gap achieves a
SAC of 1.0 at 300 Hz, whereas the sample with a 10 mm air gap
reaches the same SAC at 450 Hz. However, beyond 1250 Hz, the
trend reverses, with samples having the largest air gap exhibiting
higher SAC values, peaking at 0.25 at 1600 Hz.

Figure 9 depicts the fourth configuration (MPA) of sound
absorption performance of multilayered structures consisting of
an MPP as the first layer, a porous material as the second layer,
and air gap thicknesses as the third layer. The position of the air
gap has a direct role in determining the overall acoustic perfor-
mance of the multilayer structure, especially in the low-frequency
range. In the current configuration, where the air gap is posi-
tioned as the last layer (behind the porous material), there is a
noticeable improvement in sound absorption at low frequencies
compared to the third configuration, where the air gap was placed
before the porous layer. This configuration follows a similar trend
to the previous one, with a slight increase in SAC values. For
instance, the effect of hole diameter on SAC up to 500 Hz shows
a consistent upward trend across different hole sizes (Figure 9(a)).
However, the maximum peak here is 1.0, compared to 0.95 in
the previous configuration. The improved SAC is likely due to
better impedance matching and increased acoustic energy dissipa-
tion. Regarding the perforation ratio, the trend remains the same
(Figure 9(b)). The maximum SAC at low frequencies is 1.0 for a 1%
perforation ratio, while at high frequencies (2000 Hz), it reaches
0.45. In contrast, the previous configuration showed maximum
values of 0.98 and 0.4, respectively. The higher SAC values can
be linked to enhanced airflow resistivity and improved absorption
efficiency at both low and high frequencies. Similarly, the effect of
thickness on SAC follows the same pattern (Figure 9(c)), with all
thicknesses (1–3 mm) achieving a maximum SAC of 1.0, except
for the 0.5 mm sample, which has a peak of 0.95, which is one
unit higher than the previous configuration. The slight increase
at high frequencies is also attributed to the greater damping effect
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Figure 9
Sound absorption performance of fourth configuration (MPA) with varying air gap thicknesses (10–60 mm): (a) effect of hole diameter,

(b) effect of perforation ratio, (c) effect of thickness of MPP, (d) parametric investigation

provided by the thicker samples. The most notable difference
between this configuration and the previous one appears in the
parametric investigation graph. In this structure, the SAC reaches
up to 0.45 in the high-frequency range (1400–1700 Hz), whereas
the previous structure showed no significant absorption after
1000 Hz, maintaining a constant SAC of 0.1. The porous layer,
positioned between the MPP and the air gap, plays a critical role
in dissipating energy via viscous and thermal losses. At higher
frequencies, the increased interaction between the porous layer
and the MPP perforations leads to effective damping of sound
energy, amplifying the second peak. Configurations that combine
thicker MPPs (1.5 mm) with medium perforation ratios (1%) and
hole diameters (0.8 mm) achieve superior sound absorption. These
combinations strike a balance between structural resonance, air-
flow resistance, and the dissipation of sound energy, effectively
enhancing the system’s ability to absorb sound.

Figure 10 illustrates the effect of cavity depth on a fifth
configuration (porous–air–MPP, PAM) where the porous layer is
positioned closest to the sound source, followed by the air gap
and the MPP.

In general, the SAC increases with frequency for all air
gap thicknesses, with prominent peaks appearing in the mid-
to high-frequency ranges, reaching a maximum SAC of 0.9.
The thickness of the air gap directly influences the frequency
at which peak absorption occurs. At lower frequencies (below
1000 Hz), a larger air gap significantly improves sound absorp-
tion by shifting the absorption peaks toward lower frequencies.
For example, the 60 mm air gap achieves the highest SAC of
0.9, while the 10 mm air gap shows the lowest SAC of 0.65. This

Figure 10
Effect of air cavity depths on the sound absorption coefficient of

porous–air–MPP structure, fifth configuration (PAM)

trend highlights the superior low-frequency performance of the
60 mm air gap compared to smaller gaps. In the mid-frequency
range (1000–2500 Hz), all configurations maintain high SAC val-
ues with minimal differences among them, suggesting that the
effect of the air gap is less pronounced in this region. Notably, air
gaps of 40 mm and 50 mm consistently provide better absorption
across a broad frequency range, indicating that these thicknesses
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Figure 11
Sound absorption performance of fifth configuration (PAM) with varying air gap thicknesses (10–60 mm): (a) effect of hole diameter,

(b) effect of perforation ratio, (c) effect of thickness of MPP, (d) parametric investigation

offer an ideal balance for wideband sound absorption. At higher
frequencies, the results reveal an inverse relationship: the largest
air gap (60 mm) exhibits a lower SAC, while smaller air gaps
demonstrate higher absorption coefficients. Figure 11 depicts the
fifth configuration (PAM) of sound absorption performance of
multilayered structures consisting of a porous material as the first
layer, an air gap in the middle, and the MPP in the third layer.

In this configuration, the air gap and MPP do not sig-
nificantly influence the SAC. Similar to the first configuration,
variations in hole diameter, perforation ratio, and panel thick-
ness exhibit negligible effects on SAC, indicating that the MPP
layer does not meaningfully contribute to the system’s acoustic
performance. Instead, the porous material remains the domi-
nant absorber, with its intrinsic properties governing the overall
absorption characteristics. A 4 cm thick porous material demon-
strates superior absorption performance, especially in the mid- to
high-frequency range, achieving an average SAC between 0.7 and
0.9. However, the absence of any noticeable performance enhance-
ment with the addition of MPP suggests that this structural
configuration is acoustically ineffective. The consistent behavior
across all cases further implies that the MPP functions merely
as a passive layer, without actively enhancing sound dissipa-
tion. However, compared to the first configuration, there is a
notable improvement in the mid- to high-frequency range (above
1000 Hz), where the SAC increased from 0.65 to 0.9. This
enhancement is primarily attributed to the 4 cm thick porous
material, which demonstrates superior absorption in this fre-
quency range. Despite this improvement, the lack of performance
enhancement due to the MPP layer suggests that the current

structural configuration remains acoustically ineffective, with the
MPP acting merely as a passive layer rather than actively con-
tributing to sound dissipation. When MPP, air gap, and porous
materials are combined in a structure, placing the porous material
as the first layer (directly exposed to sound energy) causes the SAC
to be primarily influenced by the porous material, with the air gap
and MPP having only a minor effect. This occurs because porous
materials generally provide higher SAC at mid to high frequencies
and positioning them at the front leads to dominant absorp-
tion in these frequency ranges. In contrast, MPP layers are more
efficient at absorbing low-frequency sounds. To achieve broader
frequency absorption, the arrangement of MPP and porous lay-
ers should be optimized. Figure 12 illustrates the effect of cavity
depth on the sixth configuration (porous–MPP–air, PMA), where
the porous layer is positioned closest to the sound source, fol-
lowed by the MPP and the air gap. In this configuration, the
SAC exhibits a characteristic pattern, initially increasing with fre-
quency across all air gap thicknesses, followed by a slight decrease
and a subsequent rise, with distinct peaks emerging in the low-
frequency range and achieving a maximum SAC of 1.0. Notably,
below 1000 Hz, the air gap thickness plays a crucial role: as
the thickness increases, the absorption peaks shift toward mid-
and high-frequency regions, indicating improved low-frequency
absorption performance. However, beyond 1000 Hz, the influence
of air gap thickness becomes negligible, with all configurations
demonstrating a similar upward absorption trend, irrespective of
the gap thickness. The key distinction between the low-frequency
and mid- to high-frequency behaviors lies in this dependency
on the air gap; while low-frequency absorption is sensitive to

Pdf_Fol io:11 11



Archives of Advanced Engineering Science Vol. 4 Iss. 2 2026

Figure 12
Effect of air cavity depths on the sound absorption coefficient of

porous–MPP–air structure, sixth configuration (PMA)

variations in air gap thickness, resulting in peak shifts, mid-
to high-frequency absorption remains largely unaffected by such
changes.

Figure 13 depicts the sixth configuration (PMA) of sound
absorption performance of multilayered structures consisting of a

porous material as the first layer, the MPP as a second layer, and
an air gap in the third layer. In this configuration, the hole diam-
eter of the MPP within the range of 0.7–1 mm demonstrates no
substantial impact on the SAC (Figure 13(a)). Regarding the per-
foration ratio, Figure 13(b), an increase in perforation percentage
leads to a shift of the absorption peak toward mid frequencies,
with a maximum SAC of 1.0 at 500 Hz for the 1% perforation
ratio. Beyond 1000 Hz, the perforation ratio no longer influ-
ences the SAC, and all curves exhibit a consistent upward trend,
peaking at 0.9 at higher frequencies. Interestingly, the 0.1% per-
foration ratio sample displays a SAC of 0.55 at 250 Hz, decreases
to 0.25, and subsequently rises to 0.9 at 2500 Hz, highlighting its
unique absorption behavior. In terms of panel thickness (Figure
13(c)), increasing thickness enhances low-frequency absorption,
with the 0.5 mm thick MPP showcasing a broader absorption range
compared to the 3 mm thickness. Notably, the 1.5 mm thick sam-
ple achieves the highest SAC of 1.0 in the low-frequency region
(500 Hz). After reaching this peak, all thicknesses exhibit a decline,
followed by a second rise beginning at 1000 Hz. Beyond this point,
thickness variations have no significant effect, with all thicknesses
showing a similar upward trend, peaking at 0.9 above 2000 Hz.
Based on the parametric investigation graph, the optimal configu-
ration is achieved with an MPP thickness of 3 mm, a hole diameter
of 0.8 mm, a perforation ratio of 1%, and an air gap of 60 mm.
This combination yields the highest SAC, reaching 0.97 in the low-
frequency range and 0.9 in the high-frequency region, indicating
excellent broadband sound absorption performance.

Figure 13
Sound absorption performance of sixth configuration (PMA) with varying air gap thicknesses (10–60 mm): (a) effect of hole diameter,

(b) effect of perforation ratio, (c) effect of thickness of MPP, (d) parametric investigation
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Figure 14
Comparison of experimental results with predictions from the
Delany–Bazley model and Modified Delany–Bazley model for

sound absorption properties

4.4. Experimental and modeling comparison

Figure 14 presents a comparative analysis of experimental
data and theoretical predictions obtained from the Delany–Bazley
model and the Modified Delany–Bazley model for sound absorp-
tion properties. This comparison serves to evaluate the predictive
accuracy of these models in capturing the real acoustic behav-
ior of the tested material. The dataset consists of three curves:
the Delany–Bazley model (blue line with crosses), the Modified
Delany–Bazley model (green line with circles), and the experimen-
tal results (black dashed line). As illustrated in the figure, the SAC
increases sharply at lower frequencies, reaching approximately
0.9 below 2000 Hz, before peaking and subsequently stabilizing.
Among the models, the Modified Delany–Bazley model exhibits a
strong correlation with experimental results, particularly beyond
the peak region, demonstrating its improved predictive capability.
Conversely, the original Delany–Bazley model shows noticeable
deviations at higher frequencies (above 2000 Hz), indicating cer-
tain limitations in its ability to accurately represent the material’s
acoustic response. At lower frequencies, both models exhibit
reliable performance in predicting sound absorption behavior.
However, as frequency increases, discrepancies become evident,
particularly with the original Delany–Bazley model, suggesting
that it may not fully account for the complex acoustic interactions
within the material. In contrast, the Modified Delany–Bazley
model aligns more closely with experimental findings, reinforc-
ing its accuracy, reliability, and potential applicability in future
acoustic modeling and material characterization studies.

The Modified Delany–Bazley model closely aligns with
experimental findings, proving to be a more precise and depend-
able method for predicting the sound absorption characteristics
of NFRCs. These composites possess distinctive porous struc-
tures, fiber–matrix interactions, and density variations, all of
which significantly impact their acoustic properties. By incorpo-
rating these factors, the Modified Delany–Bazley model offers a
more accurate representation of NFRC behavior compared to the
traditional model. Its improved predictive capability and adapt-
ability make it an ideal choice for NFRC analysis, facilitating
more reliable simulations and optimizations for applications in

automotive, construction, and aerospace industries, where
effective sound absorption is essential.

5. Conclusion

The thickness of the porous material significantly influences
sound absorption, particularly in the mid- to high-frequency range
[44]. In the high-frequency range, the porous layer directly exposed
to sound dominates the acoustic response, with its intrinsic prop-
erties such as tortuosity, porosity, and flow resistivity ensuring
consistent and robust energy dissipation. However, at lower fre-
quencies, the porous layer alone is less effective, as its thickness
may not be sufficient to establish the necessary quarter-wavelength
resonance. This emphasizes the importance of combining the
 porous material with complementary elements, such as air gaps
or MPPs, to improve low-frequency absorption [45]. At low fre-
quencies, increasing the air gap thickness enhances SAC [46]
by shifting the resonance frequency lower, improving acoustic
compliance, and amplifying absorption of long-wavelength sound
waves. Configurations with the air gap positioned as the last
layer further maximize resonance effects, making them particu-
larly effective for low-frequency absorption. When the air gap is
placed as the second layer, the resonance effect weakens slightly,
leading to reduced SAC in this range. In the mid-frequency
range, thicker air gaps and configurations with the air gap as
the last layer maintain stronger interactions between the MPP
and the cavity, resulting in superior SAC. Conversely, position-
ing the air gap as the second layer provides a smoother, more
balanced absorption curve but slightly reduces mid-frequency per-
formance. At high frequencies, the air gap’s impact diminishes, as
the porous layer dominates through viscous and thermal dissipa-
tion. Overall, thicker air gaps and configurations with the air gap
as the last layer provide superior low- and mid-frequency absorp-
tion. MPP parameters such as perforation ratio, hole diameter,
and thickness significantly influence the SAC curve, especially at
low-to-mid frequencies. Increasing the perforation ratio boosts
low-frequency absorption by enhancing acoustic interaction and
resonance effects, though higher ratios (1–2%) slightly reduce mid-
to high-frequency absorption due to lower impedance match-
ing. Smaller hole diameters (0.7 mm) improve low-frequency
absorption through stronger viscous effects, while larger diame-
ters (0.8–1 mm) shift resonance to higher frequencies. Thinner
MPPs (0.5 mm) enhance low-frequency absorption [47], whereas
thicker MPPs (2.5–3 mm) provide more uniform mid-frequency
absorption. Combining optimal MPP parameters with appro-
priate porous material thickness and air gap ensures broadband
absorption with minimal resonance peaks [48]. The configura-
tion with an MPP layer, porous material, and varying air gap
thicknesses achieves superior sound absorption across low and
high frequencies. The MPP targets low-to-mid frequencies via vis-
cous and thermal dissipation, while the porous layer enhances
high-frequency absorption through friction and scattering. The
air gap acts as a resonance cavity, with larger gaps (e.g., 60 mm)
improving low-frequency performance by tuning resonance. This
design ensures effective impedance matching, reducing reflection
and maximizing energy dissipation. The combined effects cre-
ate a multi-resonant system, offering broad-spectrum absorption
with minimal peaks and dips, outperforming alternative con-
figurations. The configuration with the MPP as the first layer,
porous material second, and a variable air gap third outper-
forms others due to its multilayered synergy. The MPP efficiently
absorbs low-to-mid frequencies through viscous and thermal
losses while reducing surface reflection. The porous layer enhances
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high-frequency absorption via scattering and friction, and the air
gap acts as a tunable cavity, boosting low-frequency absorption by
optimizing resonance. This arrangement ensures better impedance
matching, broader frequency coverage, and fewer resonance dips,
offering superior noise mitigation compared to other designs.

Recommendations

The field of acoustic materials and sound absorption presents
numerous opportunities for innovative research and develop-
ment. Based on the findings and configurations analyzed, future
researchers can focus on the following key areas:

1) Hybrid Configurations: Investigate hybrid acoustic systems
combining the functionally graded materials, MPPs, and
multilayer porous structures. Such configurations hold the
potential to achieve broad-spectrum absorption while min-
imizing resonance effects, with applications in automotive,
aerospace, and architectural acoustics.

2) Computational Optimization Techniques: Leverage advanced
computational tools, including finite element modeling and
machine learning, to optimize configurations involving MPPs,
air gaps, and porous layers for superior SAC performance.

3) Advanced Porous Materials: Develop and investigate novel
porous and natural fiber materials with optimized parameters
such as porosity, tortuosity, and flow resistivity to enhance
sound absorption performance across a wide frequency spec-
trum. Emphasis can be placed on sustainable solutions using
bio-based, recycled, or nanomaterials.

4) Dynamic and Adaptive Acoustic Systems: Explore the design
and implementation of dynamic systems capable of adapting
their acoustic properties in real time to address varying noise
conditions. This could include smart materials or active noise
control technologies for enhanced performance.
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