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ABSTRACT

This study develops, fabricates, and characterizes a deep sub-wavelength broadband acoustic metasurface for noise absorption. The metasur-
face is composed of micro-perforated panels coupled with extended-neck Helmholtz resonators, forming a unit absorber referred to as
Helmholtz resonator absorber (MHA). Experimental results demonstrate that a 48mm deep MHA achieves near-perfect sound absorption
(>97%) at 150Hz. This performance is realized with a sub-wavelength thickness of only 1/48 of the operating wavelength and a volume-
normalized wavelength ratio of 1/54. Additionally, the MHA exhibits a half-absorption bandwidth of 48Hz. To broaden the sound absorp-
tion bandwidth while keeping the total area constant and to further reduce the total thickness, a configuration integrating three Compact
MHA (CMHA) units is proposed. Experimental results demonstrate that the CMHA achieves an average sound absorption coefficient (SAC)
exceeding 0.74 in the 300–500Hz range with an overall thickness of only 27.5mm and an SAC> 0.88 in the 543–945Hz range with a reduced
thickness of 26.2mm. Experimental results compare well with theoretical and numerical predictions, highlighting the potential of the pro-
posed design for practical noise control applications.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0258251

Addressing low-frequency noise remains a significant challenge
in acoustic engineering. Theoretical and practical constraints stem
from the physical requirement that effective sound absorption relies
on material depths of at least one-quarter of a wavelength (k/4), neces-
sitating considerable material thicknesses for low-frequency attenua-
tion.1–9 This limitation not only increases material size and weight but
also restricts the application of such absorbers in compact or weight-
sensitive environments, such as aerospace, land-based transportation,
or urban infrastructure. Developing low-frequency broadband sound
absorbers at a deep sub-wavelength scale, where the physical depth of
the absorber is significantly shorter than the wavelength of the targeted
noise, remains one of the foremost challenges in sound control
technologies.

To address this challenge, various innovative approaches have
been developed to enhance low-frequency broadband absorption by
combining or modifying conventional acoustic structures. These
approaches include multi-chamber or multi-layer micro-perforated
panel absorbers,10–15 wavy or inhomogeneous micro-perforated panel
absorbers,16–20 micro-perforated panel absorbers with coiled

chambers21–23 and hybrid systems that integrate micro-perforated
panel absorbers with Helmholtz resonators,2–4,7,24 decorated mem-
branes,1,25–30 or porous materials.7,31–33 While these methods demon-
strate promising low-frequency absorption performance, they are
often accompanied by limitations in structural thickness, tunability, or
manufacturing complexity. The present study introduces an acoustic
metasurface that combines a micro-perforated panel with an
extended-neck Helmholtz resonator. This design is tailored to achieve
efficient noise absorption at frequencies below 200Hz on a deep sub-
wavelength scale, while also providing broadband absorption across
the 200–1000Hz range. The proposed solution not only offers effective
acoustic performance but also serves as a structurally robust and envi-
ronmentally clean acoustic liner, making it a promising candidate for
practical applications.

Figures 1(a) and 1(b) illustrate our design aimed at minimizing
the thickness of the acoustic absorber while optimizing space utiliza-
tion: a perforated panel with holes of diameter, d, and porosity, /,
backed with an air cavity (AC1) and coupled with an embedded
extended-neck Helmholtz resonator (HR) absorber, hereafter referred
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to as MHA. The resonator’s neck, of internal diameter dn and length
Ln, is designed to extend into an adjoining cavity (AC2). The micro-
perforated top panel has a thickness of s and dimensions of Lac1 and
W. Similarly, the non-perforated top panel, also with a thickness of s,
has dimensions of Lac2 and W. The depth of AC1 is denoted by Dac1.
The “depth” of the HR cavity (AC2), denoted by Dac2, is defined rela-
tive to the incident plane wave. The axis of the extended neck is posi-
tioned at the mid-point of Dac2, provided that Dac1 � Dac2. If this
condition cannot be met, the axis of the extended neck is positioned at
half of Dac1. The wall thickness of the Helmholtz resonator’s neck is s0

and is set to be equal to the thickness of the panel separating the two
cavities. The total thickness (depth), H, of the MHA is calculated by
adding s to the larger of Dac1 or Dac2.

When a plane acoustic wave is incident normal to the micro-
perforated panel (MPP), the specific acoustic impedance of the MPP,
denoted as zmpp and defined in the following equation, can be treated
as the ratio of the sound pressure difference (Dp) across the MPP to
the product of the average particle velocity (�u) over the perforation
area and the MPP porosity (/):

zmpp ¼ Dp
/�u

: (1)

According to Maa,34 the specific acoustic impedance zmpp for an
MPP with circular perforations can be calculated using the following
equation, where the dependence of the variables on angular frequency
x in this equation and in most others is omitted for brevity,

zmpp ¼ ixs
c0/

1� 2

Sh
ffiffiffiffiffi�i

p J1ðSh
ffiffiffiffiffi�i

p Þ
J0ðSh

ffiffiffiffiffi�i
p Þ

" #�1

þ 2asRS

q0c0/
þ idsx

d
2c0/

: (2)

The exp(ixt) convention is used in this work. Here, i denotes the
imaginary unit, q0 is indicative of the air density, and c0 represents the
speed of sound within air. The angular frequency, x, is formulated as
x ¼ 2pf , with f signifying the frequency, measured in Hertz. Jm

represents the mth order Bessel function. Sh ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xq0=ð4lÞ

p
is the

shear number, and l symbolizes the dynamic viscosity of air. The cor-
responding air properties used can be found in Table I. The current
study does not consider the nonlinear effects of the MPP.

In Eq. (2), 2asRS
q0c0/

represents the resistive end-correction, where RS

is the surface resistance on one side of the plate, calculated by
RS ¼ 0:5

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2xq0l

p
. The term idsx d

2c0/
represents the reactive end-

correction. For the calculation of the non-dimensional resistive end-
correction coefficient as and the non-dimensional reactive end-
correction coefficient ds for perforations with sharp edges, Temiz
et al.35 proposed a practical expression, as shown in the following
equation, valid when 1 < Sh < 35, and nonlinear effects are not pre-
sent in the MPP,

as ¼ 5:08Sh�1:45 þ 1:70� 0:002=ðs=dÞ;
ds ¼ 0:97 expð�0:20ShÞ þ 1:54� 0:003=ðs=dÞ: (3)

The Helmholtz resonator, as illustrated in Fig. 1, studied in this
paper is characterized by a neck extending into the cavity. The specific
acoustic impedance of the Helmholtz resonator’s neck can be calcu-
lated using the following equation:4

zn ¼ 1
/n

zN þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2xq0l

p þ ixq0d
� �

; (4)

where /n ¼ An=Ahr represents the ratio of the inner cross-sectional
area (An ¼ pd2n=4) of the Helmholtz resonator neck to the contact
area (Ahr ¼ W �min½Dac1;Dac2�) between the two cavities.

In Eq. (4), the term

zN ¼ �q0c0

2i sin
kc;nLn
2

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c� ðc� 1ÞYhð ÞYv

p (5)

symbolizes the specific acoustic impedance of the HR neck. Due to the
considerable length of the Helmholtz neck, it is necessary to account
for both viscous and thermal losses. c is the specific heat ratio of air.

The complex wavenumber, kc;n, in the cylindrical HR neck, which
accounts for both viscous and thermal losses, can be expressed as
follows:

kc;n ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c� ðc� 1ÞYh;n

Yv;n

 !vuut : (6)

The viscous function of the cylindrical HR neck, Yv;n, and the
thermal function of the cylindrical HR neck, Yh;n, are shown in the fol-
lowing equation:

FIG. 1. MHA design. (a) Three-dimensional schematic. (b) Two-dimensional cross
section. (c) Equivalent circuit model.

TABLE I. Air properties involved in the current study.

Air density q0 1:204 kg=m3

Speed of sound c0 343m=s
Dynamic viscosity l 1:81� 10�5 kg=ðmsÞ
Ratio of specific heats c 1.4
Specific heat capacity Cp 1005 J/(kg�K)
Thermal conductivity K 0.0257W/(m�K)
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Yv;n ¼ � J2 kvdn=2ð Þ
J0 kvdn=2ð Þ ;

Yh;n ¼ � J2 khdn=2ð Þ
J0 khdn=2ð Þ ;

(7)

where the acoustic wave number k0, viscous wave number kv , and the
thermal wave number kh are defined as

k0 ¼ x
c
; k2v ¼ �ix

q0
l
; k2h ¼ �ix

q0Cp

K
; (8)

where Cp is the specific heat at constant pressure, and K is the fluid
thermal conductivity.

In Eq. (4), the term 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2xq0l

p
represents the end-correction for

the acoustic resistance, accounting for frictional losses attributed to the
internal boundaries of the HR neck. Similarly, the term ixq0d repre-
sents the end-correction for the acoustic reactance due to acoustic
wave radiation. The total length end-correction in the neck,
d ¼ d1 þ d2, is the sum of the length corrections at both ends of the
neck. The transition from the MPPA cavity (AC1) to the neck approxi-
mates a flanged pipe termination; thus, the corresponding length end-
correction d1 is given by36

d1 ¼ d1 þ dn=2
b

d0 � d1ð Þ þ 0:057
dn=2
b

1� dn=2
b

� �5
" #

dn=2;

(9)

where d1 ¼ 0:8216ðdn=2Þ is the length end-correction of an infinitely
flanged pipe and d0 ¼ 0:6133ðdn=2Þ is the length end-correction of an
ideal unflanged pipe. The parameter b is an “effective” value for a rect-
angular flange; In this study, b is calculated as b ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

WDac1=p
p

. The
transition from the neck to the HR cavity (AC2) approximates an
unflanged pipe termination with a thin wall thickness, s0, so the length
end-correction, d2, should be

36

d2 ¼ d1 þ dn=2
dn=2þ s0

d0 � d1ð Þ

þ 0:057
dn=2

dn=2þ s0
1� dn=2

dn=2þ s0

� �5
" #

dn
2
: (10)

Regarding the impedance of the air cavities, as k � H, uniform
pressure can be assumed within the air cavities and so the specific
acoustic impedances of AC1 and AC2 can be defined as

zac1 ¼ �i
qacc

2
ac

xVac1
Aac1; Aac1 ¼ Lac1W;

zac2 ¼ �i
qacc

2
ac

xVac1
Aac2; Aac2 ¼ Dac2W;

(11)

where Vac1 ¼ Lac1 �W � Dac1 is the volume of AC1, Vac2

¼ Lac2 �W � Dac2 � pðdn=2þ s0Þ2 � ðLn � s0Þ is the volume of
AC2 minus the volume occupied by the HR neck. In interest of com-
pleteness, thermal and viscous losses in the cavities are also modeled,

qac ¼
q0
Yv;ac

; cac ¼ x
kc;ac

; (12)

where the wavenumber, kc;ac, in the rectangular air cavity, which
accounts for both viscous and thermal losses, can be expressed as follows:

kc;ac ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c� ðc� 1ÞYh;ac

Yv;ac

 !vuut : (13)

The viscous function, Yv;ac, and the thermal function, Yh;ac, of the
rectangular air cavity with cross-sectional dimensions A and B are
shown in the following equation:37

Yv;ac ¼ k2v
X1
m¼0

1� tanðam;vA=2Þ
am;vA=2

am;vm0ð Þ2 þ
1� tanðbm;vB=2Þ

bm;vB=2

bm;vm0� �2
2
664

3
775;

Yh;ac ¼ k2h
X1
m¼0

1� tanðam;hA=2Þ
am;hA=2

am;hm0ð Þ2 þ
1� tanðbm;hB=2Þ

bm;hB=2

bm;hm0� �2
2
664

3
775;

(14)

wherem0 ¼ ðmþ 1=2Þp and

am;v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2v �

2m0

A

� �2
s

; bm;v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2v �

2m0

B

� �2
s

;

am;h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2h �

2m0

A

� �2
s

; bm;h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2h �

2m0

B

� �2

:

s (15)

For AC1, let A ¼ Lac1 and B ¼ W. For AC2, let A ¼ Dac2 and
B ¼ W.

The total specific impedance of the MHA, as derived from the
equivalent circuit model, depicted in Fig. 1(c), can be calculated using
the following equation:

zmha ¼ ðZmpp þ 1
1=Zac1 þ 1=ðZn þ Zac2ÞÞ � Asurface: (16)

It should be noted that each specific acoustic impedance in the circuit
must be normalized by the cross-sectional surface area of the acoustic ele-
ment.28,38 Consequently, the acoustic impedances are calculated as fol-
lows: Zmpp ¼ zmpp=Ampp, Zac1 ¼ zac1=Aac1, Zn ¼ zn=An, and
Zac2 ¼ zac2=Aac2. As illustrated in Figs. 1(a) and 1(b), the surface area of
the elementary cell is expressed asAsurface ¼ ðLac1 þ Lac2 þ s0Þ � ðWÞ.

In this study, a single MHA experimental sample, designated
MHA-I, was optimized for the single target frequency of 150Hz and
subsequently fabricated. The MHA-I sample was 3D-printed using a
Masked Stereolithography Apparatus (MSLA), as shown in Fig. 2(a).
The maximum depth of the sub-chamber air cavity is 45mm, and the
total thickness, including the facesheet thickness of s, is 48mm. The
optimization process and optimized geometric parameters of the
MHA-I sample are provided in the supplementary material. The
sound absorption coefficient and acoustic impedance of the MHA-I
experimental sample were measured using the two-microphone tube
in accordance with the ISO 10534-2:2023 standard.39 Details of the
experimental setup are provided in the supplementary material. To
further validate the theoretical model, a three-dimensional finite ele-
ment model was developed using the thermo-viscous acoustic module
in COMSOL Multiphysics 6.0, as illustrated in Fig. 3(a). As for this
case, the MHA-I model exhibits symmetry in the xy-plane, to optimize
computational efficiency, only one half of the MHA-I geometry was
simulated, with symmetry boundary conditions applied to the corre-
sponding plane. The thermo-viscous acoustic module was
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implemented to model all air domains, including the Helmholtz
extended neck, aperture, air cavities (AC1 and AC2), and the upstream
region of the tube. A normally incident plane wave pressure field was
generated upstream of the test section. All structural walls of the MHA
are represented by sound hard boundaries. Figure 3(b) illustrates the
details of the meshed domains. Details of the mesh generation process
can be found in the supplementary material.

Figure 2(b) illustrates the theoretical, numerical, and experi-
mental sound absorption coefficients (SAC) of MHA-I. The theo-
retical and numerical results show excellent agreement with the
experimental data. This consistency validates the accuracy of both
the theoretical model and the finite element model. The fabricated
MHA-I sample demonstrates near-perfect sound absorption
(SAC> 0.97) at its resonance frequency, fr ¼ 150Hz, with a thick-
ness of only 48mm (less than two inches), which corresponds to
approximately 1/48 of the operating wavelength. To characterize
the sub-wavelength nature of the resonator while explicitly consid-
ering its total volume, we define a volume-normalized wavelength
ratio as

C ¼ V1=3

k
; (17)

where V represents the total volume of the resonator. This parameter
reflects the overall volumetric constraint, rather than focusing solely
on the resonator’s thickness. A smaller C indicates a more compact
sub-wavelength design, demonstrating the capability of achieving low-
frequency resonance within a minimized resonator volume. The total
volume of MHA-I is V¼ 40� 40� 48mm3, and thus the volume-
normalized wavelength ratio is C¼ 1/54.

Additionally, the sample exhibits a sound absorption coefficient
exceeding 0.5 over the frequency range of 130–178Hz, yielding a fre-
quency interval �f ¼ 178–130¼ 48Hz. This corresponds to an
absorption bandwidth of 32% (�f /fr), indicating excellent low-
frequency sound absorption performance at sub-wavelength scales.
The acoustic absorption capabilities of the MHA-I can also be
explained by its acoustic reactance and resistance, as illustrated in
Fig. 2(c). An ideal impedance match is achieved when the normalized
acoustic reactance is zero, and the acoustic resistance equals one. As
shown in Fig. 2(b), at fr ¼ 150Hz, the experimental acoustic reactance
approaches zero, and the experimental acoustic resistance nears one,
consistent with the experimental absorption curve at this frequency,
where the experimental SAC is close to unity.

To effectively analyze absorption characteristics and illustrate the
relationship between energy leakage and energy loss, along with their
influencing factors, we employ the concept of the complex frequency
plane.40–42 By introducing an imaginary component, Imðx=ð2pÞÞ, to
the frequency and substituting the complex frequency into the theoret-
ical modeling, the reflection-related coefficient, 20 logðjrjÞ, can be rep-
resented within the complex frequency plane to reveal its physical
properties. In this context, the minimum and maximum values of
20 logðjrjÞ within the complex frequency domain are referred to as
“zero” and “pole,” respectively. It is crucial to note that the signs of the
imaginary parts of poles and zeros depend on the time convention,
specifically expðixtÞ in this study. In a lossless system, the zeros and
poles of the reflection coefficient are symmetrically distributed about
the real frequency axis. In such a system, energy leakage cannot be
compensated by energy loss, leading to poor absorption performance.
In the current work, as shown in Fig. 2(d), a zero of the MHA-I is

FIG. 2. (a) Photograph of MHA-I with a thickness of 48 mm. (b) Theoretical, numerical, and experimental SAC. (c) Theoretical, numerical, and experimental acoustic resistance
and reactance. (d) Complex frequency plane representation of 20 log jRj.
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located near the real frequency axis at fr ¼ 150Hz, where the system’s
energy loss nearly balances its energy leakage. This balance satisfies the
criteria for critical coupling, resulting in near-perfect absorption at this
frequency.

To further investigate the perfect sound absorption mechanism
of the MHA-I at the resonance frequency fr ¼ 150Hz, Figs. 3(c) and
3(d) present the instantaneous velocity field and the total thermo-
viscous dissipation rate distribution in the symmetry plane of the
MHA-I model. At the resonance frequency, as shown in Fig. 3(c), the
maximum instantaneous velocity is observed within the perforation,
followed by the walls of the Helmholtz neck. Significant velocity is
also detected near the entrance and exit edges of the perforation
and the Helmholtz neck, which can be attributed to geometric dis-
continuities, commonly referred to as radiation effects.6 Similarly,
Fig. 3(d) shows that most acoustic energy dissipation occurs near
the walls of the perforation and the Helmholtz neck. Energy dissi-
pation is also significant at the entrance and exit edges of the perfo-
ration and the Helmholtz neck, corresponding closely to the
regions of strong velocity shear shown in Fig. 3(c). Compared to a
conventional Helmholtz resonator, the inclusion of the perforation
in the proposed absorber markedly increases the system’s viscous

losses. Another point of interest to be seen in Fig. 3(d) is that losses
can be also observed on the cavity wall. As the cavity wall losses are
usually not modeled in such studies, this justifies the extra effort in
doing so in this current study.

In order to broaden the sound absorption bandwidth of the
MHA while keeping the total area constant and with the extra
objective to further reduce the total thickness, we developed a vari-
ation involving three individual MHA units, as illustrated in Fig. 4,
termed the Compact MHA (CMHA). As shown in Fig. 4(a), the
chambers are sequentially numbered from 1 to 6. Each chamber in
this design can have a unique depth, denoted as DðiÞ, where i is the
chamber number. The number of perforations and their diameter
for each MPP are allowed to vary. These dimensions are denoted
as nðiÞ and dðiÞ, respectively. The internal diameter and length of
each Helmholtz resonator’s neck in this study are also variable.
These dimensions are denoted as dnðiÞ and LnðiÞ, respectively. The
lengths of each chamber are denoted by L1–L6. The width of each
chamber is identical, denoted by W1. The thickness of the top plate
in the CMHA is symbolized as s, whereas the thickness of the
internal adjacent panels and the wall thickness of the Helmholtz
resonator’s neck are represented by s0.

FIG. 3. (a) Three-dimensional finite element model of the MHA-I. (b) Details of the mesh configuration. (c) and (d) Simulated instantaneous local velocity field and total thermo-
viscous dissipation field at fr ¼ 150 Hz.
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The total thickness, H, of the CMHA is obtained by summing s
and the maximum sub-chamber depth, Dmax. The total specific imped-
ance of the CMHA can be derived from the equivalent circuit model,
depicted in Fig. 4(c).

In this study, we design and fabricate three CMHAs, designated
as CMHA-I, CMHA-II, and CMHA-III. CMHA-I is optimized to
achieve broadband sound absorption within the range of [200–500]
Hz, CMHA-II within [500–1000] Hz, and CMHA-III within [200–
1000] Hz. The broadband optimization process and the optimized geo-
metric parameters of the CMHA samples are detailed in the
supplementary material. The CMHA samples are manufactured once
again using MSLA. Figure 5(a) shows a photograph of the fabricated
CMHA-II. The theoretical and experimental sound absorption
curves for CMHA-I, CMHA-II, and CMHA-III are shown in Figs.
5(b)–5(d), demonstrating generally excellent agreement. However,
some discrepancies exist between the theoretical and experimental
results, particularly for CMHA-I below 250Hz and CMHA-III below
300Hz. The primary factors contributing to these discrepancies
include (1) potential sealing issues between the sample and the imped-
ance tube, and (2) uncertainties in the manufacturing process. The the-
oretical absorption curves of individual units in the CMHA are also
presented in order to provide some insight into the benefit of the cou-
pling effect. When these units are integrated, the relative absorption
bandwidth is significantly broadened in all three CMHA cases due to
coupling mechanisms between the units. Moreover, integration
results in a reduction in the magnitude of the low-frequency
absorption peaks, while the high-frequency absorption peaks tend to
increase compared to the magnitude of the individual unit responses.
Effective tunable sound absorption can be achieved by varying the geo-
metric parameters of the CMHA. Experimental results demonstrate
that CMHA-I, with an overall thickness of 27.5mm, achieves an average
SAC exceeding 0.74 in the frequency range of 300–500Hz. Similarly,

CMHA-II, with a thickness of 26.2mm, achieves an average SAC
exceeding 0.88 in the range of 543–945Hz. CMHA-III, with an overall
thickness of 26.0mm, achieves an average SAC exceeding 0.84 in the
range of 467–912Hz.

Figure 5(e) compares the sound absorption bandwidth
(SAC> 0.6) of CMHA samples with other typical low-frequency,
broadband MPP and Helmholtz resonator acoustic metamaterials
reported in the literature. The evaluation of acoustic performance is
based on the target frequency range, low-frequency sound absorption
coefficients, and overall structural thickness. In Fig. 5(e), the red bars
represent the data for the CMHA samples, extracted from Figs. 5(b) to
5(d). The yellow bar corresponds to a hybrid sound absorber com-
posed of a micro-perforated panel (MPP) and coiled-up Fabry–P�erot
channels, as investigated by Wu et al.21 The magenta bars indicate two
acoustic absorbers consisting of a perforated panel with parallel-
arranged extended tubes, either with or without an MPP, as described
by Li et al.15 The green bar denotes an acoustic absorber integrating
Helmholtz resonators with embedded necks and micro-perforations in
parallel, as studied by Ryoo et al.24 The dark bar represents a compact
acoustic absorber employing a Helmholtz resonator with an embedded
spiral neck, as reported by Guo et al.6 The cyan bar corresponds to a
single-layer absorber comprising four parallel-arranged inhomoge-
neous micro-perforated panels, examined by Rafique et al.18 The
orange bar signifies a double-layer absorber consisting of multiple
parallel-arranged inhomogeneous micro-perforated panels, as explored
by Rafique et al.17 The violet bar corresponds to a sound absorber
based on MPP and impedance matching coiled-up cavity, examined
by Rafique et al.18 The violet bar represents a sound absorber formed
by the parallel connection of different units based on an MPP and an
impedance-matching coiled-up cavity, as examined by
WebPlotDigitizer.23 In Fig. 5(e), the blue asterisks represent the corre-
sponding total thickness of the absorber. Notably, all compared data
are experimental and were extracted directly from the cited literature
using WebPlotDigitizer.43 The CMHA samples exhibit favorable
acoustic performance in terms of bandwidth, low-frequency absorp-
tion, and overall thickness compared to the referenced designs.

This study investigates the design and evaluation of a low-
frequency, broadband, noise-absorbing acoustic metasurface. A basic
unit of the metasurface consists of a micro-perforated panel and an
extended-neck Helmholtz resonator, referred to as MHA. Experimental
results show that near-perfect sound absorption of over 97% can be
achieved at 150Hz with a thickness of 48mm (sub-wavelength
ratio¼ 1/48). To further broaden the sound absorption bandwidth of
the MHA while keeping the total area constant and reducing the total
thickness, we propose a variation involving three coupled MHA units,
referred to as CMHA. The experimental results demonstrate that the
CMHA achieves an average SAC exceeding 0.74 within the 300–500Hz
frequency range, with an overall thickness of only 27.5mm.
Furthermore, the CMHA design achieves an average SAC exceeding
0.88 within the 543–945Hz range with a reduced thickness of 26.2mm,
and an average SAC exceeding 0.83 within the 467–912Hz range with a
further reduced thickness of 26mm. The findings make both MHA and
CMHA particularly suitable for practical applications where space limi-
tations and low-frequency noise control are crucial.

See the supplementary material for detailed information on (1)
the experimental setup; (2) the optimization process; (3) optimized

FIG. 4. CMHA design. (a) Structural arrangement of the CMHA. (b) Helmholtz reso-
nators of the CMHA with varying sub-chamber depths (top plane not shown for
clarity). (c) Equivalent circuit model of the CMHA.
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mesh settings; (4) optimized geometric parameters of the MHA
and CMHA test samples; (5) relative error analysis; and (6) the
effect of the extended neck position on the acoustic performance of
the MHA.
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