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Abstract
This study proposes a new sound absorbing panel designed for broadband low-frequency performance. The panel integrates
a fixed low perforation rate micro-perforated panels (MPPs) with space-coiling and Helmholtz resonator slit-type structures,
forming single- and double-layer units capable of wideband absorption. A hybrid series–parallel configuration, investigated
using finite element analysis (FEA), creates multiple resonance peaks and enhances absorption bandwidth across low, mid,
and high frequencies. To get optimum efficiency, a genetic algorithm (GA) is employed to optimize key geometric param-
eters. Experimental tests are conducted on both unoptimized and optimized prototypes, each with a 41 mm air cavity. The
unoptimized design provides an absorption bandwidth of 1250 Hz (350–1600 Hz), while the optimized panel extends this
slightly to 1255Hz (345–1600Hz). The Impedance tubemeasurements were validated against numerical predictions and, with
the optimum design having a bandwidth-to-thickness ratio of 30.60 and being excellent performance than current absorbers
documented in the literature. The proposed sound absorbing panel is thin and lightweight, making it particularly suitable for
applications where weight and space constraints are critical, such as aerospace, civil engineering, and transportation, while
providing a compact and practically feasible solution for broadband passive noise control.

Keywords Micro-perforated panel (MPP) ·Helmholtz resonator (HR) ·Broadband sound absorption ·Acoustic metamaterial ·
Space-coiling structure · Genetic algorithm optimization

1 Introduction

Low-frequency noise has been a long-standing environmen-
tal problem, primarily in the cities. Road traffic, airplanes,
machines, windmills, and ventilation systems are some of
the common sources of noise [1]. Noise pollution is more
severe in character since it has the potential to have a range
of adverse impacts, such as stress, annoyance, fatigue, and
sleep disturbance. One of the most controversial features of
low-frequency noise is that it can go long distances with less
or no attenuation in its energy [2]. Because of its frequency
and effect, the control of low-frequency noise has become
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even more necessary and is still one of the key challenges
in passive noise controlling [3]. Traditional sound-absorbing
materials like porous foams and fibrous structures need siz-
able thickness in relation to the wavelength of the sound
itself to be effective for sound absorbing [4]. In other words,
conventional materials for blocking low-frequency noise are
often bulky and difficult to install in compact applications
[5].

This challenge led to the development of micro-
perforated panels (MPPs), which have been regarded as a
next-generation solution for sound absorption [6]. Micro-
perforated panels (MPPs) feature precisely engineered tiny
holes that dissipate sound energy by creating airflow resis-
tance, converting it into a small amount of heat. Unlike
traditional porous absorbers,which are often based onfibrous
or foammaterialswith limitedmechanical andfire resistance,
MPPs are typically fabricated from solidmaterials, providing
improved structural durability and enhanced flame resistance
while offering mid-to-high frequency sound absorption [7].
The main limitation of traditional micro-perforated panels at
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low frequencies is their narrow effective range, due to their
inherent resonance characteristics. To address this, scholars
have explored methods to extend their performance across
a relatively large frequency spectrum [8, 9]. To overcome
this limitation, researchers have tested combining multi-
ple micro-perforated panels in various formations such as
series, parallel, or hybrid series-parallel arrangements among
different studies [10–12]. By means of multiple layers of
micro-perforated panels in a parallel configuration signifi-
cantly enhances sound absorption across a wide frequency
range by introducing additional resonance peaks [13]. Sub-
sequent studies have approved that the multilayer approach
with using multiple perforation rate properties effectively
covers low to high frequencies [14, 15]. However, adding
more layers expands the overall thickness and can make the
design bulky, as well as usage of different perforation rates,
posing challenges for practical applications [1, 16].

An alternative approach to reducing low-frequency noise
involves the use of acoustic metamaterials, which leverage
localized resonances to absorb sound evenwhen the structure
is much smaller than the sound’s wavelength. Techniques
such as space-coiling structures and Helmholtz resonators
achieve this by trapping and dissipating sound energy within
specially designed structures [17–19]. Helmholtz resonators
(HRs) are highly effective at reducing low-frequency noise,
particularly at specific resonant frequencies. They function
by using a small air cavity connected to a narrow neck or tube
to trap sound waves, converting them into heat and thereby
diminishing their intensity. Numerous investigations have
pointed out that by adjusting the size, shape, and positioning
ofHRs, they can be precisely tuned to target different types of
noise in various situations [20–23]. Integrating built in aper-
tures into Helmholtz resonators has significantly simplified
to reach the compact design of metamaterial units, driving
increased research into developing and optimizing com-
pact acoustic metamaterials based on this concept. However,
despite the advantages, incorporating different aperture/neck
shapes can still complicate the overall structure of sound
absorbers [24–26].

A recent study in [27] introduced a compact acoustic
metamaterial that uses Helmholtz resonators with side slits
to address low-frequency noise. These side slits not only
streamline the design but also provide greater flexibility
in tuning the acoustic response. By varying the resonator
depths across twenty-five units, the structure effectively
absorbs sound within the 470–930 Hz range. The pro-
posed model has shown a promising alternative to traditional
Helmholtz resonators, as it can be easier to manufacture and
allow fine-tuning of absorption peaks in the low-frequency
region, however, when used solitary absorbing mechanism,
its sound absorption range remains limited.To improve sound
absorption while keeping the structure as thin as possi-
ble, space-coiling designs have been commonly employed.

Nevertheless, these structures typically absorb sound over a
limited frequency range, which often necessitates arranging
a large number of units to achieve broader spectrum [28–30].
Among such designs, micro-perforated panels (MPPs) with
coiled-up channels are remarkably widespread [31, 32].
Their frequency range is primarily determined by the total
length of the coiled-up channels, which helps balance acous-
tic impedance at low frequencies by compensating for the
resistance caused by the using multiple and separate per-
foration rates [33]. On the other hand, achieving effective
absorption across low and wide frequency ranges using ultra
and high perforation rate of MPPs combined with coiled-up
channels still demands considerable structural thickness [34,
35].

To accomplish effective low-frequency noise reduction
over a broad range, researchers have explored hybrid sound
absorbers that combine multiple resonant modes. A com-
mon strategy involves arranging various resonant structures
in series, such as multilayer Helmholtz resonators [36, 37],
multilayer micro-perforated panels with not a fixed perfo-
ration rate properties [38], decorated membranes with air
chambers [39, 40], and combinations of HRs and MPPs
with elastic membranes and porous materials [41, 42]. Fur-
ther approach uses series-parallel configurations of MPPs
and HRs [43, 44]. In [45], researchers explored combining
micro-perforated panels (MPPs) with Helmholtz resonators
featuring inserted necks in both series and parallel configu-
rations to enhance sound absorption. The findings revealed
that this hybrid design significantly reduces the overall
absorber thickness. Specifically, the combined HRIN–MPP
structure achieved effective absorption between 318 Hz and
880 Hz with a thickness of 56 mm, although the series
configuration exhibited pronounced anti-resonance effects.
Followed by, in [46] three sound absorbers were devel-
oped using cavity-based designs, an MPP with an integrated
Helmholtz resonator and single- and double-layer cavity-
backed MPPs. Their acoustic performance, influenced by
cavity partitions, was analysed using finite element analysis
and optimized through particle swarm optimization proce-
dure. Experimental results exhibited that the first mechanism
achieved a half-bandwidth of 1294Hz approximately 500Hz
wider than a standard MPP. The second and third optimized
sound absorbing mechanisms provided absorption ranges
of 794–1614 Hz and 632–1954 Hz, respectively. Previous
studies have shown that combining micro-perforated pan-
els (MPPs) with Helmholtz resonators simultaneously not
only enhances mid- to high-frequency absorption but also
effectively addresses low frequencies. However, many exist-
ing designs particularly those that rely on creating multiple
absorption peaks face trade-offs such as increased thickness,
use of high or multiple perforation rate properties, and lim-
ited operational bandwidth when attempting to reduce panel
thickness. These challenges draw attention to a potential for

123



Acoustics Australia

developing a new panel that uses a fixed low-perforation-rate
MPP combinedwith complementary sound-absorbingmech-
anisms to achieve lowbroadband frequency sound absorption
while maintaining a compacted structure.

To address this research gap, the present work proposes
a novel hybrid sound absorbing panel (SAP) composed of
double- and single-layer units of MPPs which integrated by
HR slit type, normal, and coiled-up space channels arranged
in a series-parallel configuration. On the one hand, integrat-
ing MPPs with HR slit-type units in series as double-layer
structures can improve the low and also maintain the high-
frequency region operation thanks to their natural resonances
behaviour, on the other hand, using MPP units with normal
and coiled up space backing channels introduces multiple
resonances by variation of the channels depth which can
be compensated the anti-resonance effects between the low
to mid and mid to high frequencies resulting in broader
low-frequency sound absorption within the target range.
Furthermore, the key parameters influencing the panel’s
full width at half maximum of the absorption coefficients
(half-bandwidth) have been fine-tuned using a finite element
analysis (FEA)-based genetic algorithm in COMSOL Mul-
tiphysics. Experimental validation for the optimized case
confirmed that the suggested sound absorbing panel achieves
a valuable sound absorption between 345 Hz and 1600 Hz,
with a bandwidth-to-thickness ratio of 30.60, while preserv-
ing a fixed low perforation rate and a compact air cavity depth
of 41 mm.

The paper is organized as follows: Section 2 introduces
the sound absorbing panel design and 3D FEA simulation
relations for calculating sound absorption. Section 3 exhibits
in detail numerical analysis of the sound absorbing panel.
Section 4 shows optimal sound absorption coefficients of
the absorber through GA optimization technique. Section 5
provides experimental verification, and Section 6 concludes
with key findings.

2 Material andMethod

2.1 Sound Absorbing Panel Design

Studies in [43–46] have shown that combining a Helmholtz
resonator (HR) with micro-perforated panels (MPPs) in
a series–parallel arrangement improves sound absorption
across low to high frequencies. However, varied HR aperture
shapes and multiple perforation rates, while enhancing low-
frequency performance, increase manufacturing complexity
and introduce anti-resonances while used solitary reduce
broadband sound absorption effect when a compacted panel
size is needed. This study proposes a compact design with
minimal air-cavity thickness that achieves efficient, wide

bandwidth sound absorption while overcoming such draw-
backs. As shown in Fig. 1, the proposed sound absorbing
panel (SAP) comprises the nine units in three parallel rows
which are repeated to fit as a 110 × 110 mm standard square
type panel for practical application. The nine units consists of
three double-layer units combining a fixed low-perforation-
rate micro-perforated panel (MPP) and Helmholtz resonator
slit-type (HRS) in series, paired in parallel with six single-
layer units backed by normal and space coiling channels to
enhancing low-frequency broadband absorption and deliver-
ing multiple peaks across 300–1600 Hz. Detailed numerical
analysis and the idea’s development are provided in Sect. 3.
This section outlines the general design concept, with Fig. 1
presenting a schematic of the unoptimized proposed sound
absorbing panel (SAP). The double-layer section features a
micro-perforated panel (MPP) on the top surface, followed
by a normal backing cavity as the first layer. The second
layer incorporates a Helmholtz resonator slit type (HRS)
with a rectangular neck and aperture. All three double-layer
units share this structural arrangement but vary in the aper-
ture height (hHRS) and width (dHRS) of the HRS. In contrast,
the single-layer section consists of MPPs backed by either
normal or space-coiling channels.

Figure 1 (a) presents the y–z plane cross-section and geo-
metric details of all units. The proposedMPP features a fixed
low perforation ratio of 0.6 % with narrow holes (0.3 mm)
and a thin thickness (0.2mm), narrowholes allowingmore air
and, consequently, more sound to pass into the backing cav-
ity channel. This enhances the interaction between the panel
and incident sound waves, broadening the high-frequency
sound absorption bandwidth. Behind theMPP, theHelmholtz
resonator slit type (HRS) serves as a second layer, with tune-
able design variables to target specific low-frequency bands.
Positioned after the MPP, it acts as a secondary sound trap,
capturing energy that passes through the first layer. Since the
MPP’s shallow cavity depth and small holes do not absorb
much long-wavelength energy, more low-frequency energy
reaches to the HRS. As well, to reduce anti-resonances and
capture residual sound energy across low–mid and mid–high
frequency bands, MPPs coupled with normal and space coil-
ing channels are employed. These channels can be tuned by
adjusting their equivalent resonator length, enabling control
over the absorption coefficients.

Additionally, Fig. 1 (a) illustrates that the width and
height of the coiled-up spaces, the height of the normal
channels, and the aperture dimensions of the HRS units
are defined as adjustable geometric parameters within the
design framework and enabling systematic tuning during the
optimization process. This tunability provides the ability to
have a variable cross-sectional path for the propagation of
sound waves. Likewise, Fig. 1 (b) illustrates the 3D decom-
position of the air region of the proposed sound absorbing
panel (SAP). The perforation and the slit area have been
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(a)

(b)

(c)

Fig. 1 Geometric configuration of the sound absorbing panel (SAP): a cross-section of the proposed units individually in the y–z plane, b 3D
perspective of the sound absorbing panel (SAP) with corresponding air domains, c close-up view of the micro-perforated plate (MPP) and HR slit
type (HRS) geometrical properties
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Table 1 Initial geometrical parameters, HRS and MPPs properties

Parameter L W H a b t0 tb H1 H2

Value 106 mm 34 mm 41.2 mm 36 mm 12 mm 1 mm 1 mm 15 mm 25 mm

Parameter H3 H4 H5 H6 N1 N2 N3 ch1 ch2

Value 20 mm 30 mm 41 mm 41 mm 30 mm 20 mm 6 mm 19 mm 12 mm

Parameter ch3 ch4 ch5 ch6 dHRS_1 hHRS_1 dHRS_2 hHRS_2 dHRS_3 hHRS_3

Value 12 mm 8 mm 8 mm 8 mm 2 mm 8 mm 2 mm 12 mm 2 mm 18 mm

HRS MPP

tH RS(mm) lH RS(mm) dMPP (mm) tMPP (mm) Perforation rate (%

1 10 0.3 0.2 0.6

shown in Fig. 1. (c), also respective characteristics of the
unoptimized panel have been outlined in Table 1 together
with other preliminary design parameters. It should be noted
that the total air cavity depth of 41 mm results from the
series combination of a 15 mm MPP backing cavity and a
25 mm HRS cavity, selected through preliminary paramet-
ric analysis to enable low-frequency resonance tuning under
350 Hz while maintaining a compact subwavelength thick-
ness significantly smaller than conventional porous absorbers
operating in the same frequency range [1–3].

2.2 Finite Element Analysis

Finite element analysis (FEA) is a widely used technique for
evaluating the acoustic performance of coupled structures.
Unlike theoretical models, acoustic FEA offers greater accu-
racy by more realistically representing the actual conditions
of complex and integrated sound absorber systems [32, 34,
47]. For this reason, the sound absorption performance of
the proposed sound absorbing panel (SAP) is assessed using
a 3D FEA simulation approach. In this study, the simula-
tion incorporates both acoustic pressure and thermo-viscous
acoustics boundary conditions. The acoustic field has been
modelled using the Helmholtz equation, as described in [48,
49]:

∇ ·
(

− 1

ρ0
∇ p

)
− 1

ρ0

(ω

c

)2 � 0 (1)

And acoustic pressure control equations in frequency
domain are:

∇ ·
(

− 1

ρc
qd

)
− k2eq pt

ρc
� Qm (2)

pt � p + pb (3)

k2eq �
(

ω

cc

)2

− k2z (4)

cc � c, ρc � ρ0 (5)

where ρ0 represents the air density, p denotes the acoustic
pressure, pb corresponds to the background sound pressure.
The angular frequency is given by ω, while c is the speed of
sound, the dipole and monopole domain sources are defined
as qd and Qm . The kz describes the wave numbers outside
the surface, which, were set to zero, additionally keq is the
equivalent wave number. To account for thermal and vis-
cous losses within the micropores and narrow channels, the
Thermal-Viscous-Acoustic module has been employed [48,
49].

iωpt + ∇ · (ρ0ut ) � 0 (6)

iωρcut � ∇ · δ (7)

ρ0Cp(iωTt + ut · ∇T0) − αpT0(iωpt + ut · ∇ p0) � ∇ · (k∇Tt ) + Q
(8)

δ � −pt I + μ
(
∇ut + (∇ut )

T
)

−
(
2

3
μ − μB

)
(∇ · ut )I

(9)

ρt � ρ0
(
βT pt − αpTt

)
(10)

Here, p0 denotes the equilibrium pressure, T0 is equilib-
rium temperature, and ρ0 is equilibrium density. The total
sound field velocity and total temperature field temperature
are given by ut and Tt , respectively. The specific heat ratio
is defined as γ , while k stands for the thermal conductiv-
ity, μ is the dynamic viscosity, μB is bulk viscosity, and
Cp corresponds to the heat capacity at constant pressure.
Additionally, αp and βT are the coefficient of thermal expan-
sion and the isothermal compressibility, respectively [48, 49].
These quantities are defined as follows:

αp � 1

c

√
Cp(γ − 1)

T0
(11)
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βT � 1

ρ0

γ

c2
(12)

Acoustic impedance implies to the ratio of the sound pres-
sure and volume velocity of a medium over a specific area of
the wavefront, which is expressed as:

Za � P

U
(13)

Here, Za signifies acoustic impedance,Pa.s/m3; P is
sound pressure, Pa; U denotes volume velocity, U � S ×
v,m3/S. The acoustic impedance is multiplied by the cross-
sectional area to attain the specific acoustic impedance:

Zs � S · Za � P

v
(14)

When the sound wave is incident normally, the absorption
coefficient of the proposed panel is given by:

α � 1 −
∣∣∣∣ Zs − Z0

Zs + Z0

∣∣∣∣
2

(15)

where Z0 � ρ0c0 is the characteristic impedance in air, ρ0 �
1.21 kg/m3 is the density of air, and c0 � 343 m/s is the
speed of sound in air.

To investigate sound wave propagation and energy dissi-
pation in a background medium integrated with the proposed
sound absorbing panel (SAP), numerical simulations were
performed using COMSOL Multiphysics 6.2. The Pressure
Acoustics andThermalAcousticsmoduleswere employed to
model the panel and its unit structures, following the govern-
ing equations presented in Section 2.2. The numerical setup
has been designed to reflect experimental conditions for eval-
uating sound absorption coefficients, as illustrated in Fig. 2.
The finite element (FE) simulation involves a normally inci-
dent plane wave with a unit amplitude of 1 Pa, propagating in
the z-direction and striking the panel. Tomodel the panel, the
micro-perforated plate on the panel’s surface is represented
using an interior perforated plate boundary condition, while
all other components are explicitly modelled to enhance sim-
ulation accuracy.

The pressure acoustic field domain has been meshed with
ten-layer swept meshes, whereas the remaining structural
parts are discretized using free tetrahedral elements. For
sufficient resolution, the smallest mesh element is set to
one-tenth of the minimum wavelength considered. To cap-
ture thermo-viscous losseswithin the normal/coiled channels
and Helmholtz resonator (HRS) cavities, six mesh layers are
applied along the channel walls. These meshing strategies
ensure accurate results with minimal computational cost.
The thickness of each thermo-viscous mesh layer, dv , is

defined as: dv � √
2η/ρ0ω, which corresponds to the vis-

cous boundary layer thickness. This allows proper resolution
of acoustic damping effects near the channel walls, where
viscous forces are dominant. Additionally, hard boundary
conditions are applied at solid-air interfaces due to the large
acoustic impedance mismatch between the solid materials
and air. Finally, the sound absorption coefficient (α), is calcu-

lated either using Eq. (15) or defined as:α � 1−
∣∣∣pscat/pinc

∣∣∣2
where pscat is the total scattered pressure and pinc is the total
incident pressure.

3 Numerical Analysis of Sound Absorbing
Panel

3.1 Double-Layer MPP Coupled by Normal Channel
and HRS Unit

In the first part of this section, we analyse a single micro-
perforated panel (MPP) with fixed properties and 15 mm
air cavity size to examine how changing the cavity size
influences its sound absorption spectrum while other MPP
effective characteristics are restricted. Figure 3 shows how
the changes in the MPP cavity size influence both the band-
width and the magnitude of sound absorption in the mid- to
high-frequency range. As illustrated in Fig. 3 (a), a single unit
with a perforation ratio of 0.6%, hole diameter of 0.3 mm,
and thickness of 0.2 mm achieves perfect sound absorption
(α ≥ 0.9) at 1200 Hz. The full width at half maximum of the
absorption peak defined as the effective bandwidth extends
from800 to 1600Hz, resulting in a bandwidth of 800Hz.This
improved performance arises from the use of narrow micro-
holes, a thin plate, and a low perforation ratio, which lead to
a perforated constant of 1<K<4, as noted in references [8, 9].
Such a configuration is advantageous for achieving efficient
sound absorption in the target frequency range, specifically
at the high region. Fig. 3 (b) further illustrates that increasing
the MPP cavity size shifts the sound absorption performance
towards lower frequencies (from 1600 to 715 Hz), while the
bandwidth of sound absorption remains nearly unchanged.
This indicates that by carefully adjusting the air cavity depth
or equivalent length of a panel with fixedMPP properties and
a compacted physical thickness, the effective sound absorp-
tion bandwidth can be maintained across a broad range of
frequency. From the results of Fig. 3. (b), the cavity size
of 15 mm has been selected as a first layer to be effective
particularly at the high frequency region.

In the next part, as shown in Fig. 4, a single Helmholtz
resonator slit type (HRS) unit with a 25 mm air cavity is
analysed to investigate howvariations in its geometric param-
eters affect the sound absorption coefficient. Owing to its
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Fig. 2 Illustration for the FE simulation and meshing settings of SAP

resonance-based mechanism, the HRS performs most effec-
tively in the low-frequency range. As illustrated in Fig. 4.
(a), the HRS with a cavity height of 25 mm, an aperture
height (hHRS) of 18 mm, and an aperture width (dHRS) of
2 mm reaches a quasi-perfect absorption (α ≥ 0.8) at 350 Hz,
though this occurs within a narrow bandwidth of approxi-
mately 60 Hz. Fig. 4 (b) demonstrates that increasing hHRS
shifts the sound absorption spectrum towards lower frequen-
cies, consistent with the trend seen in Fig. 4 (a). Conversely,
as shown in Fig. 4 (c), reducing dHRS also moves the absorp-
tion peak to lower frequencies.

The impact on the resonant frequency of the slit and aper-
ture can be explained in a similar manner to a Helmholtz
resonator with internally fabricated apertures [24–27]. In this
analogy, the aperture width (dHRS) corresponds to the aper-
ture area in a standard HR, while the aperture height (hHRS)
is analogous to the neck length. Among these parameters,
variations in hHRS have a stronger impact on the resonant fre-
quency than changes in dHRS. Additionally, there is a clear
trade-off between resonant frequency and bandwidth. This
makes tuning the geometric parameters of the HRS unit an
effective method for controlling resonance behaviour in the
low-frequency region. Such tunability is especially useful
when designing arrays of HRS units with closely spaced fre-
quencies, as it allows more precise control over the targeted
absorption range.

Now in the last part of this section, the two distinct fea-
tures of the proposed MPP and HRS are combined in a
series-connected configuration (MPPHRS), using the iden-
tical geometric parameters from the previous single layer
cases, as illustrated in Fig. 5. (a). The resulting sound absorp-
tion curve shows that the double-layer unit, with a total cavity

depth of 41mm, produces two distinct peaks of perfect sound
absorption (α ≥ 0.9) at 320 Hz and 1325 Hz. This dual-peak
behaviour arises from the complementary characteristics of
the two layers; the MPP with a normal channel dominates
absorption in the high-frequency region, while the HRS unit
enhances absorption in the low-frequency region. As shown
in Fig. 5. (a), the series combination produces two distinct
absorption bandwidths simultaneously in both the low- and
high-frequency regions. Notably, the bandwidth in the low-
frequency range is significantly broader than that achieved
by the second layer alone, with the overall sound absorp-
tion performance also exhibiting a slight shift towards lower
frequency.

This effect can be explained by the structural proper-
ties of the MPP and HRS. Owing to the narrow holes and
thin thickness of the MPP at the top layer, high-frequency
sound waves with relatively broad bandwidth are gradually
dissipated, though with minimal attenuation in absorption.
Following this, low-frequency sound energy is detected by
the HRS unit, which is designed to be a dissipation system at
its resonant frequency. These mechanisms combined reduce
reflection and maximize absorption for both low- and high-
frequency bands, a performance based on double-layer unit’s
relatively low surface impedance sensitivity [8, 9]. In the
low band, half-bandwidth varies from 250 to 385 Hz, show-
ing a width of 135 Hz, while in the high band from 985 to
1600 Hz, which is equivalent to 615 Hz. The direct contrast
between double-layer and single-layer units reveals the prin-
cipal advantage of the combined design, the low-frequency
half-bandwidth is more than doubled (135Hz comparedwith
60 Hz for the single HRS unit), but the wide high-frequency
bandwidth is quite preserved. This result demonstrates an
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Fig. 3 Sound absorption coefficients of a single MPP unit with normal backed cavity a and effect of cavity height b variations on the sound
absorption spectrum
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Fig. 4 Sound absorption
coefficients of a single HRS unit
a along with effect of aperture
height b and aperture width
variations c on the sound
absorption spectrum
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Fig. 5 Sound absorption
coefficients of a single
double-layer unit with MPP and
HRS in series (MPPHRS)
a along with effect of aperture
width b and aperture height
variations in the second layer
c on the total sound absorption
spectrum
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effective approach by applying a parallel arrangement to the
double-layer unit, it is possible to achieve a broad sound
absorption spectrum at the desired frequency, while also
reducing the complexity of the used units and maintaining a
fixed low perforation rate for practical applications.

Furthermore, Fig. 5 (b) and (c) has been analysed to gain
insight into how variations in the second-layer geometri-
cal parameters (dHRS and hHRS) influence the overall sound
absorption spectrum of the double-layer unit. The resonance
frequency in the lower region decreases as hHRS increases.
Conversely, reducing dHRS shifts the sound absorption peak
towards the lower region, while simultaneously preserving a
wide bandwidth at both low and high frequencies, along with
stable quasi-perfect sound absorption coefficients (α ≥ 0.8).
However, an open question remains, how can the dip in the
mid-frequency range (600–1200 Hz) be addressed to achieve
broadband sound absorption across the full spectrum; the
analysis of Fig. 5. (b) and (c) suggests a promising approach,
offering a way to overcome the limitations of low-frequency
absorption while simultaneously maintaining quasi-perfect
absorption in both low- and high-frequency ranges. The
results obtained so far are insufficient solitary to improve
performance in the mid-frequency range, as they fail to pro-
vide significant absorption peaks and effective bandwidth
within this region, as clearly shown in Fig. 4. (b) and Fig. 5.
(b-c). This limitation requires an alternative mechanism. In
the next section, the idea of using a single-layer mechanism
with MPPs integrated with normal (MPP) and space coiling
channels (MPPSC) are presented to address this gap.

3.2 Single Layer MPP Unit Integrated by Normal
and Space Coiling Channels

Consider a single-layer unit with a maximum air cavity
depth of 41 mm, consisting of a micro-perforated plate with
a fixed low perforation rate on top and backing made of
normal or coiled-up space channels (see Fig. 1). As noted
earlier, enhancing sound absorption curve from the low-to-
mid and mid-to-high frequency range requires a mechanism
that can both increase and stabilize absorption peaks across
the regions. To achieve this, the performance of single-layer
MPP units combined with normal and coiled-up space chan-
nels which having identical properties as listed in Table 1
has been studied in Fig. 6, with particular attention to their
sensitivity across the operating frequency range. Figure 6 (a)
shows the same performance as the result of Fig. 4. (b) with
its limited operation range between 715 Hz and 1600 Hz
with a perfect sound absorption (α ≥ 0.9); as illustrated uti-
lizing the normal backing channel with different equivalent
length cannot tackle alone the operation limitation below the
715 Hz, however, they can be useful for creating the absorp-
tion peaks between the mid to high frequency range. On the

other side, to enhance the sound absorption frequency oper-
ation performance to lower region, the usage of the space
coiling structures without increasing the physical air cavity
size is great of importance.

The results in Fig. 6.(b) indicate that using coiled-up space
resonators, which guide sound through variable cross-section
channels, provides an effective mechanism for generating
resonances and tuning the sound absorption values from the
low to mid-frequency range by adjusting the panel’s equiv-
alent length. As shown in Fig. 6.(b), increasing the panel’s
equivalent length shifts the sound absorption performance
from 715 Hz down to 400 Hz with achieving a perfect sound
absorption (α ≥ 0.9). Importantly, this shift occurs with-
out sacrificing the wide absorption bandwidth across both
the low-to-mid and mid-to-high frequency ranges due to the
utilizing different number of subchannel (see Fig. 1) with
a fixed low perforation rate. Furthermore, as implied from
Fig. 6.(a) and (b), achieving effective absorption across the
target frequency range requires additional units alongside
the double-layer units, with at least the equivalent lengths
between 20 and 136 mm. These units are crucial for com-
pensating the absorption dips in both the low-to-mid and
mid-to-high frequency regions of the proposed sound absorb-
ing panel (SAP). In the following section, based on the results
of the current and the previous section, we present step-by-
step development of the sound absorbing panel. This system
is composed of series-parallel arrangements of single- and
double-layer MPP units, integrated with normal channels,
space coiling channels, and HRS.

3.3 Series-Parallel Coupling of MPPs Integrated
by Normal, Space Coiling and HRS Units

As discussed in the previous section, incorporating both
double- and single-layer units can demonstrate a strong
potential for enhancing sound absorption across low, mid,
and high frequencies when implemented in a compact panel.
Achieving multiple resonance bands relies primarily on the
parallel arrangement of these integrated units. Fig. 7. (a–c)
explains the effects of couplingMPP,MPPSC, andMPPHRS
units, each arranged in a three-unit parallel configuration.
The 3D geometries of the normal, space coiling, and HRS
units, along with the micro-perforated properties previously
detailed in Fig. 1 and Table 1, have been used in the simula-
tion model to calculate the sound absorption coefficients.

At the first place, Fig. 7 (a) presents the examination of
three single-layer MPP units arranged in a parallel configu-
ration. As shown in Fig. 7 (a), each unit contributes to the
overallMPPcoupled sound absorption spectrum, represented
by the blue curve of the parallel combination. MPP-unit1,
shown by the black curve, exhibits a dominant absorption
peak with a perfect performance (α ≥ 0.9) at 715 Hz, along
with a wide bandwidth spanning 400–1300 Hz. MPP-unit2,
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Fig. 6 Effect of equivalent length variations in MPP with normal a and space coiling backing channels (MPPSC) b on the sound absorption
coefficients of a single layer unit
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Fig. 7 Sound absorption performance of the unoptimized coupled three MPP (a), MPPSC (b), MPPHRS (c), and effect of each individual unit in a
parallel connection
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represented by the red curve, has a strong absorption peak
at 800 Hz (α ≥ 0.9) and a wide absorption range from
490–1400 Hz. Similarly, MPP-unit3, indicated by the green
curve, shows a leading peak at 1010 Hz (α ≥ 0.9), with
a bandwidth extending from 660–1600 Hz. The combined
response of the coupled MPP units, revealed by the blue
region in Fig. 7. (a), produces three smooth absorption peaks
with perfect performance (α ≥ 0.9) at 750 Hz, 850 Hz, and
950 Hz. This parallel configuration has created the half-
bandwidth range from 475 to 1545 Hz.

In the second stage, three single-layer MPPSC units have
been arranged in a parallel configuration. This setup has
been introduced to achieve more lower frequency sound
absorption compared to the normal MPP units. The parallel
arrangement of the three coupled MPPSC units is illustrated
in Fig. 7.(b). As illustrated in Fig. 7.(b), each unit con-
tributes to the overall coupled MPPSC absorption spectrum,
represented by the blue curve of the parallel combination.
MPPSC-unit 1 (black curve) shows a main absorption peak
with a perfect performance (α ≥ 0.9) at 695 Hz and a
wide bandwidth spanning 395–1325 Hz. MPPSC-unit 2 (red
curve) exhibits a strong peak at 680 Hz (α ≥ 0.9) with a
bandwidth ranging from390–1250Hz.MPPSC-unit 3 (green
curve) displays two perfect absorption peaks (α ≥ 0.9) at
470 Hz and 1500 Hz, with corresponding bandwidths of
340–640Hz and 1330–1630Hz. The double peaks arise from
the increased equivalent length of 120 mm achieved through
the use of four subchannels (see Fig. 1). The combined per-
formance of the three coupled MPPSC units, shown by the
blue area in Fig. 7.(b), results in three absorption peaks with
a quasi-perfect performance (α ≥ 0.8) at 475 Hz, 670also
creating two half-bandwidth ranges of

Hz, and 1440Hz, also creating two half-bandwidth ranges
of 370–1070 Hz and 1315–1630 Hz. As obvious from
Fig. 7.(b), increasing the number of sub-channels extends
the equivalent length, thereby shifting the sound absorption
performance towards lower frequencies.

For the third step, the three coupled MPPHRS units com-
prising double-layer structures arranged in a parallel scheme
have been considered, as shown in Fig. 7.(c). The MPPHRS
units have designed based on the geometrical specifications
presented earlier in Fig. 1 as the unoptimized units. Each
unit consists of a first layer with a normal channel and a
second layer integrated with an HRS unit but with different
critical parameters, their geometrical parameters detailed in
Table 1. From the initial look at Fig. 7.(c), each unit con-
tributes to the overall coupled sound absorption spectrum,
which represented by the blue curve of the double-layer
MPPHRSconfiguration.MPPHRS-unit 1 exhibits two strong
absorption peaks (α ≥ 0.9) at 410 Hz and 1410 Hz, with
wide bandwidths spanning 310–530 Hz and 1120–1660 Hz.
MPPHRS-unit 2 (red curve) also displays two dominant

peaks at 360 Hz and 1360 Hz (α ≥ 0.9), with bandwidths
ranging from 275–450 Hz and 1050–1630 Hz.

Likewise, the MPPHRS-unit 3 (green curve) archives two
peaks at 320 Hz and 1325 Hz (α ≥ 0.9), accompanied
by bandwidths of 250–385 Hz and 985–1600 Hz. These
clearly reflect that with increase in aperture height (hHRS)
in the double-layer unit, peak frequencies reduce in both
low- and high-frequency regimes. Consequently, the cou-
pling behaviour of the MPPHRS units in Fig. 7.(c) (blue
highlighted area), produces two dominant absorption peaks
with perfect sound absorption (α ≥ 0.9) at 365 Hz and
1390 Hz; this broadens the low-frequency bandwidth to
270–470 Hz, while preserving the same bandwidth in the
high-frequency region. Overall, this grouping arrangement is
indispensable and sufficient for addressing absorption losses
in both the low-to-mid and mid-to-high frequency ranges of
the proposed panel.

At the final stage of this section, all coupled unit types have
been combined into a single system of nine units to examine
the effect of integrating different elements in a series–parallel
configuration on the overall sound absorption performance.
Figure 8 describes the total sound absorption response of
the inhomogeneous unoptimized supercell, consisting of 3
MPP units, 3 MPPSC units, and 3 MPPHRS units. The 3D
geometries andmaterial properties of this unoptimized sound
absorbing panel (SAP) are the same as those specified ear-
lier in Sect. 2. As shown in Fig. 8, the unoptimized SAP
incorporates three double-layerMPPHRSunits providing the
broadest absorption at low and high frequencies combined
with six single-layer MPP and MPPSC units, which help
bridge absorption dips between the low-to-mid and mid-to-
high frequency ranges. The absorption characteristics of the
individual units have already been reported.

From the obtained results of Fig. 8, for this case, the cou-
pled nine-unit system achieves an effective bandwidth (α ≥
0.5) from 325 to 1600 Hz, covering 1275 Hz. Additionally,
it is understandable that the sound absorbing panel (SAP)
shows multiple peaks of frequency at 335 Hz (α � 0.54),
375 Hz (α � 0.60), 415 Hz (α � 0.60), 490 Hz (α � 0.64),
870 Hz (α � 0.84), 1165 Hz (α � 0.77), and 1600 Hz (α
� 0.76), respectively and proved numerically the concept of
using the proposed fixed low perforation micro-perforated
panel as a key solution to overcome low-, mid-, and high-
frequency sound absorption limitations, while maintaining a
compact air cavity depth of 41 mm. This reveals the strong
potential of the proposed 110 × 110 mm standard square
type panel, warranting further optimization to ensure opti-
mal performance across the 300–1600 Hz range.

In addition, the resistance and reactance parts of corre-
sponding relative acoustic impedance behaviour of each unit
consistent with Fig. 8 have been illustrated in Fig. 9.(a-b).
The coupled MPPHRS units exhibit a strong and narrow
resonance peak due to their high acoustic impedance and
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Fig. 8 Sound absorption coefficients of the unoptimized sound absorbing panel (SAP) by combination of MPP + MPPSC + MPPHRS as coupled
nine units and effect of each coupled unit on the total sound absorption coefficients

Fig. 9 Relative specific acoustic impedance of the unoptimized sound absorbing panel (SAP) consistent with Fig. 8 and their combinations:
normalized resistance (a) and normalized reactance (b)
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localized Helmholtz type resonance, which produces a pro-
nounced absorption peak at 365 Hz, as observed in Fig. 8.
However, when these units are integrated in parallel with
the MPP and MPPSC units, the overall acoustic impedance
of the system becomes the equivalent parallel combination
of all individual unit impedances. As illustrated in Fig. 9
(a), the total resistance of the coupled nine-unit system
remains relatively close within the range of approximately
0.75–1.5 across the 300–1600 Hz frequency band, indicating
improved relatively impedance matching with the surround-
ing air. Meanwhile, the corresponding reactance shown in
Fig. 9 (b) fluctuates more smoothly within − 2 to − 1, with
significantly reduced amplitude compared to the individual
units. This impedance redistribution moderates the sharp
resonance behaviour of the HRS units and distributes the
acoustic energy among multiple interacting resonant mech-
anisms provided by the MPP, MPPSC, and MPPHRS units.
Consequently, the distinct high absorption peak produced
by the HRS units reduced but is effectively broadened and
merged into the overall broadband absorption response of the
coupled system. Thismulti-resonant interaction enhances the
overall relatively impedancematching condition over awider
frequency range, thereby producing the broadband sound
absorption characteristics observed in Fig. 8.

4 Optimum Sound Absorbing Panel

The sound absorption performance of the proposed sound
absorbing panel (SAP) depends on multiple variables and
can be expressed as α (freq,vari ), where freq represents
the operating frequency range, and each var1, var2,…, vari
denotes a key adjustable design parameter, as outlined in
Fig. 1 and Table 1. Manually fine-tuning these geometrical
parameters to achieve the desired broadband sound absorp-
tion through parametric sweeps is often unpredictable and
time-consuming. To overcome this and making sure for fine
tuning the key parameters, an optimization algorithm is also
employed to efficiently refine the panel design parameters for
optimal performance.Agenetic algorithm (GA) is a powerful
optimization method belonging to the family of evolutionary
algorithms, inspired by the principles of natural selection.
It is widely used to solve complex optimization and search
problems in engineering. The process beginswith a randomly
generated initial population, which evolves over successive
generations.Newpopulations are formedbasedon the perfor-
mance of previous ones, and the evolution continues until a
defined stopping criterion ismet such as reaching amaximum
number of generations, exceeding a time limit, or achieving
a target value of the objective function [33, 50].

In this study, MATLAB’s built-in ‘ga’ function is utilized.
The algorithm starts with an initial population of 100 individ-
uals. Tournament selection (‘selectiontournament’) is used to

choose parents, uniformmutation (‘mutationuniform’) intro-
duces variation, and crossover is performed with an 80%
probability to generate offspring. The algorithm is set to ter-
minate after 100 generations. As illustrated in Fig. 10, the
studyhas been integratedCOMSOLMultiphysicswithMAT-
LAB using the Livelink tool, enabling seamless input/output
exchange through custom MATLAB scripts. The optimiza-
tion process begins with the design of a parameterized sound
absorbing panel (SAP) in COMSOL, then MATLAB gener-
ates the initial population for the genetic algorithm (GA). For
each chromosome, the panel parameters are updated, and the
soundabsorption coefficient is calculatedusingfinite element
analysis (FEA) in COMSOL. The results are imported back
intoMATLAB,where the objective function is evaluated, and
the stopping condition is checked. If the termination criterion
is met, the optimization concludes. If not, a new population
is generated using GA operations-selection, crossover, and
mutation, and the cycle (steps 2 to 6) repeats until conver-
gence is achieved.

To achieve the best sound absorption bandwidthwithin the
target frequency range of 300–1600Hz, Eq. (16) is employed
as the fitness function. This approach improves overall per-
formance by directing the optimization process specifically
towards the desired frequency band [33, 50]. By setting the
αtarget to a predefined threshold (half-bandwidth,α ≥ 0.5),
frequencies with absorption coefficients exceeding this value
can be disregarded during optimization, this means that the
higher values above thanαtarget is kept. The optimal objective
function is defined as follows:

(16)

Objective fun: minimize, fitness
(
frequency, vari

)

�
fmax�1600Hz∑
fmin�300Hz

β ∗ (
αtarget − αtotal

)
, β

�
{
1, αtotal < αtarget

0, αtotal ≥ αtarget

To simplify and focus the optimization process, con-
straints are applied to specific parameters of the coupled
supercell such as the total height of the panel, subchannel
heights, and spacing width of coiled-up spaces, as well as
the aperture width and height of the HRS. Some constrained
parameters are fixed according to the initial values provided
in Section 2. Meanwhile, the adjustable design parameters,
along with their respective lower and upper bounds, are
detailed in Table 2.

4.1 Optimal Sound Absorption Performance Across
a Broad Effective Bandwidth

The standard square-type sound absorbing panel (SAP)
examined here demonstrates strong potential for achieving
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Fig. 10 GA based co-simulation optimization procedure

Fig. 11 Numerical sound absorption coefficients comparison of the optimized and unoptimized sound absorbing panel

a wide bandwidth, as numerically investigated in Section 3.
To reach the best performance, the optimization target has
been set to the 300–1600 Hz range, which is highly relevant
for noise control in most engineering and industrial appli-
cations. Fig. 11 compares the sound absorption coefficients
of the SAP supercell before and after optimization using a
genetic algorithm (GA). Although the effective bandwidth
improvement is moderate (1280 Hz compared to 1275 Hz for
the unoptimized case), the optimization primarily enhances
the uniformity and stability of the absorption response across
the 300–1600 Hz range. In particular, the optimized configu-
ration exhibits a smoother sound absorption curve, improved
low-frequency onset behaviour, and reduced mid-frequency

fluctuations, contributing to a robust broadbandperformance.
The enhanced absorption capability of the optimized SAP
comes from several resonance bands at 330 Hz (α � 0.53),
400 Hz (α � 0.66), 500 Hz (α � 0.70), 540 Hz (α � 0.70),
825 Hz (α � 0.80), 1250 Hz (α � 0.70), and 1600 Hz (α
� 0.76). Downward shift in the low-frequency band, along
with smooth rises in absorption values, especially in the
low-to-mid and mid-to-high frequency bands, are the major
differences between the unoptimized and optimized cases.
These improvements are a result of the optimized parameters
obtained through GA-based optimization. Additional infor-
mation concerning the optimized SAP is provided in Table
3, where the final design variables have been indicated.
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Fig. 12 Normalized acoustic pressure contours at six resonance frequencies for the Optimized sound absorbing panel: a 330 Hz, b 400 Hz, c 500 Hz,
d 825 Hz, e 1250 Hz, f 1600 Hz

Table 2 Design variables of the sound absorbing panel and their lower
and upper band limits in GA optimization

vari Lower band limit (mm) Upper band limit (mm)

N1 2 34

N2 2 34

N3 2 34

ch1 2 36

ch2 2 18

ch3 2 18

ch4 2 11

ch5 2 11

ch6 2 11

dHRS_1 1 4

dHRS_2 1 4

dHRS_3 1 4

hHRS_1 2 22

hHRS_2 2 22

hHRS_3 2 22

H3 5 41

H4 5 41

H5 5 41

In addition, the 3D finite element analysis (FEA) has been
utilized to demonstrate the sound absorption behaviour of the
optimized supercell (SAP). Fig. 12 displays the intensity con-
tours of the non-dimensional acoustic pressure obtained from
the 3D simulation. A vertically incident acoustic wave strikes

Table 3 Values for optimized design variable of the sound absorbing
panel through the GA optimization procedure

vari (Design variables) Optimized values (mm)

N1 23.30005

N2 4.14416

N3 12.06764

ch1 28.04993

ch2 6.41711

ch3 16.06583

ch4 8.71029

ch5 3.78124

ch6 4.48828

dHRS_1 1.97533

dHRS_2 3.01656

dHRS_3 1.94668

hHRS_1 10.64330

hHRS_2 9.53822

hHRS_3 17.47257

H3 33.20881

H4 19.17041

H5 37.35462

the top surface of the sound absorbing panel (SAP), where
pinc denotes the amplitude of the incident sound pressure.
Regions highlighted in red indicate areas where the units
are approaching resonant state, contributing significantly to
sound absorption. Specifically, Fig. 12.(a–f) displays the
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acoustic pressure distributions at six resonance frequencies:
330 Hz, 400 Hz, 500 Hz, 825 Hz, 1250 Hz, and 1600 Hz,
respectively.

5 Experimental Measurement

5.1 Experimental Findings

To validate the accuracy of the numerical results and assess
the sound absorption performance of both the optimized
and unoptimized sound absorbing panel (SAP), experimen-
tal measurements were carried out in this section. The tests
were conducted using the two-microphone transfer function
method, following the procedures outlined in the ISO 10534-
2 standard [51]. According to the ISO 10534-2 standard,
the sound pressures of both the incident and reflected sound
waves are determined using the following relations:

pi � PI e
ik0x , pr � PRe

−ik0x (17)

where PI and PR represent the amplitudes of the incident (pi )
and reflected (pr ) sound waves at the reference plane, and x
denotes the position along the wave path [51]. The transfer
function H12 can then be calculated from the analysis of the
pressure responses according to the following equation:

H12 � P2
P1

� eikx2 + Re−ikx2

eikx1 + Re−ikx1
(18)

where, x1 and x2 represent the distances from the panel to
microphones 1 and 2, respectively, while P1 and P2 are the
pressure readings measured at those two microphone posi-
tions. If s, is the spacing between the two microphones, then
the reflection coefficient (R) can be determined using the
following formula:

R � H12 − e−iks

eiks − H12
e2ikx1 (19)

And ultimately, the absorption coefficient (α) is given by:

α � 1 − |R|2 (20)

As illustrated in Fig. 13. (a) and (b), the experimental setup
consists of a power amplifier, a loudspeaker, two 1/4-inch
microphones, and a square impedance tube with an internal
cross-section of 110 × 110 mm. This setup allows for effec-
tive testing of frequencies up to 1600 Hz. The loudspeaker,
driven by the amplifier, generates sound waves within the
waveguide. Two microphones are placed in front of the test
sample to record sound pressure,with the closestmicrophone
positioned 250mmfrom the sample surface. The test samples

weremanufactured using fused depositionmodelling (FDM)
3D printing with PLA material, printed on a Bambu Lab
P1P printer, as shown in Fig. 13. (b). The micro-perforated
polyethylene film used in the panel was produced using a
laser drilling process. Sealing tape was applied around the
sample edges to eliminate sound leakage.

The sound absorption coefficient has been calculated from
the phase and amplitude of the pressure signals recorded by
the two microphones, following eq. (20). Both the unop-
timized and optimized samples were measured, and their
experimental and numerical results are compared in Fig. 13.
(c).

The experimental records in Fig. 13 (c) explore two clearly
different sound absorption performances between the unop-
timized and optimized panels. For the unoptimized panel,
the sound absorption coefficient is larger than 0.5 between
350–1600 Hz, and the respective effective bandwidth is
1250 Hz. This is somewhat different from the numerical
simulation, however, where the 0.5 threshold was found
at 325 Hz, 25 Hz below that of the experiment result. In
addition, the experimental result for this case has revealed
prominent peaks at 370 Hz (α � 0.54), 400 Hz (α � 0.56),
500 Hz (α � 0.62), 775 Hz (α � 0.76), 1000 Hz (α �
0.79), and 1600 Hz (α � 0.68). In contrast, the optimized
case demonstrated improved low-frequency performance,
achieving sound absorption coefficients above 0.5 across the
range of 345–1600 Hz, resulting in an extended bandwidth
of 1255 Hz. Numerical simulations of the optimized panel
showed close agreement with the experimental results, with
only a 25 Hz deviation at the starting point, which the calcu-
lated sound absorption threshold began at 320 Hz instead of
345 Hz.

Correspondingly, for the optimized case dominant peaks
in the experimental result have been identified at 345 Hz (α
� 0.50), 400 Hz (α � 0.61), 500 Hz (α � 0.67), 825 Hz
(α � 0.73), 1210 Hz (α � 0.72), and 1600 Hz (α � 0.67).
Both test samples exhibited absorption coefficients above 0.5
within the target frequency range according to the experi-
mental results. All in all, the experimental trends aligned
closely with the simulations, with minor discrepancies in
their magnitude likely caused by fabrication and assembly
imperfections, as well as the idealized assumptions used in
the numerical calculation.

5.2 Experimental Comparison Results of the SAP
with ExistingWorks

A normalized metric for evaluating the efficiency of broad-
band sound absorber panels was introduced in [52, 53] ,
defined as the bandwidth-to-thickness ratio. This measure
is calculated by summing the frequency ranges where the
sound absorption coefficient exceeds 0.5, then dividing that
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Fig. 13 Experimental realization of the sound absorption characteristics of the sound absorbing panel (SAP): a Schematic of the sound absorption
measurement system, b photographs of the test sample and measurement setup, c numerical and experimental comparison on sound absorption
spectrum of the sound absorbing panel (SAP)
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Fig. 14 Comparison of the sound absorption performances of the sound absorbing panel (SAP) with available literature

total bandwidth by the thickness of the panel’s air cav-
ity. In this study, the same metric is adopted to assess
the performance of the proposed absorber design based
on experimental results, as it effectively quantifies sound
absorption efficiency per unit thickness. To benchmark the
performance of the proposed panel, Fig. 14 presents a com-
parison of the achieved bandwidth-to-thickness ratios against
those reported in state-of-the-art designs employing various
sound absorption mechanisms. The results exhibit that both
the unoptimized and optimized versions of the thin meta-
absorber developed in this work achieved higher ratios 30.48
and 30.60, respectively, and surpassing those of existing
sound absorption panels. This improvement demonstrates
the superior efficiency of the proposed design in delivering
broadband sound absorption with minimal thickness and a
fixed low perforation rate, highlighting its advantages over
previously reported solutions [54–67].

6 Conclusion

This study has focused on the design, optimization, and
experimental validation of a new sound-absorbing panel
composed of single- and double-layer elements. The
elements are based on micro-perforated panels (MPPs)
combined with conventional channels, space-coiling and
Helmholtz resonator slit-type (HRS) structures, specifi-
cally developed to achieve broadband low-frequency sound

absorption. By means of systematic finite element simula-
tions, the hybrid series–parallel configuration was proposed,
consisting of nine integrated units: three double-layer units
with MPP–HRS series configurations, coupled in paral-
lel with six single-layer MPP units backed by normal and
coiled-up space channels. This arrangement strategically
induces multiple resonance peaks, enhancing absorption
across low, mid, and high-frequency ranges. To further
improve performance, a genetic algorithm was employed
to optimize key geometric parameters, enhancing absorp-
tion bandwidth while maintaining a compact thickness.
Experimental impedance tube measurements confirmed the
numerical simulations, showing effective absorption band-
widths of 1250 Hz for the unoptimized design and 1255 Hz
for the optimized design, both with an air cavity depth of
41 mm. The unoptimized and optimized panels achieved
bandwidth-to-thickness ratios of 30.48 and 30.60, respec-
tively, demonstrating high absorption efficiency per unit
thickness while employing a fixed low perforation rate. The
selected total thickness of 41 mm represents a deliberate bal-
ance between low-frequency resonance tuning and structural
compactness, enabling subwavelength broadband absorption
down to 345Hz and offering a practical alternative to conven-
tional absorbers that require significantly greater thickness
in this frequency range. Owing to its modular series–parallel
architecture, the proposed panel can be tailored to selectively
target narrower frequency ranges through geometric adjust-
ment or modification of specific unit components; however,
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such customization would involve trade-offs in bandwidth,
thickness, and structural complexity. In the present study,
the configuration was intentionally optimized to maximize
broadband performance relative to thickness, as quantified
by the bandwidth-to-thickness ratio. Future investigations
will focus on evaluating the performance of the proposed
panel under oblique and diffuse field incidence conditions,
as well as exploring multi-objective optimization strategies
and scalability for practical large-area implementations.
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