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Due to space limitations during installation, reducing low-frequency noise has always been a challenging area.
Sub-wavelength structures are typically favored in such scenarios for noise reduction. This paper explores the
potential of micro-slit panels (MSP) for low-frequency sound absorption. To further optimize the panel thick-
ness, coupled MSPs (CMSP) with a distance between two MSPs of less than 1 mm are proposed. Firstly, the
low-frequency absorption performances of a single MSP based on two optimized schemes the cavity-depth
optimal scheme (COS) and the panel thickness optimal scheme (TOS) are examined and compared with
those of existing ultrathin metamaterials. The results demonstrate that MSP has signi cant potential for low
frequency sound absorption, and COS allows for a smaller overall structural thickness but a larger panel thick-
ness than TOS. Secondly, to reduce the panel thickness, the CMSP is developed and the theoretical model of
its acoustic impedance is established and validated by experiments. Then, based on the theoretical model, the
low-frequency absorption potential of CMSP is optimized using COS. The results show that both the overall
thickness and the panel thickness of the CMSP absorber are reduced while maintaining better performance.
Furthermore, the proposed absorber achieves a subwavelength scale since its total thickness can be as small
as 0.138 .
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1. Introduction

The absorption of low-frequency (i.e., 100 to 500 Hz)
noise has persistently posed a challenge due to the in-
herent weak dissipation of classic sound-absorbing ma-
terials (Ma, Sheng, 2016; Allard, Atalla, 2009).
Despite the progress made by active noise reduction
approaches in reducing low-frequency noise, the com-
plexity of the devices may prevent from nding their
practical use. In practical applications, porous/ brous
materials, resonance-type structures such as micro-
perforated panels (MPP) (Maa, 1998; Park, 2013;
Wau et al., 2019; Xu et al., 2020; Liu et al., 2021a), and
micro-slit panels (MSP) (Maa, 2000; Randeberg,
2000), are typically preferred. While sound absorbing
structures made of porous/ brous materials are an ef-
fective noise absorbing structure, they often require
a body thickness comparable to the operating wave-
length, which seriously hinders their application in the

low-frequency range. Resonance-type structures (MPP
and MSP) are regarded as the most promising sound-
absorbing materials due to their simple structure, vari-
ety of material options and environmental friendliness.

Recently, it has become a balanced goal in low-
frequency noise control to reduce the dimension of
sound-absorbing structures (i.e., their total thickness)
to well below subwavelength. This not only con-
tributes to space savings but also responds to the
trend of device miniaturization (Chong et al., 2010;
Mei et al., 2012). Many resonance-type metamate-
rials targeting low-frequency noise have been stud-
ied and developed in this direction, including meta-
material panels based on thin closed slits (Jim@nez
et al., 2016; 2017a; 2017b), subwavelength systems
with space-coiling structures (Liang, Li, 2012; Cai
et al., 2014; Zhu et al., 2019; Almeida et al., 2021a;
Wang et al., 2018; Liu et al.,, 2021b; Wu et al.,
2021; Shen et al., 2019; Ryoo, Jeon, 2018), a slim
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subwavelength absorber (Zhao et al., 2018; Donda
et al.,, 2019; Almeida et al., 2021b), a multicoiled
acoustic metasurface (Cheng et al., 2015; Liu et al.,
2017) and a micro-perforated panel and coiled-up
channel-based hybrid absorber (Li, Assouar, 2016).

The majority of recent research, however, has fo-
cused on creating coiled-up space inside cavities in
order to extend the acoustic wave’s e ective propa-
gation distance, thereby allowing for the thinning of
absorbing structure in order to absorb low-frequency
noise. Studies have shown that when the other struc-
tural parameters of MPP or MSP remain the same,
the increase in panel thickness causes the sound reso-
nance frequency to shift to lower frequencies. This is
because the increase in panel thickness may not only
result in an increase in the amount of air mass in the
perforation/slit of the panel (i.e., an increase in reac-
tance of the acoustic mass) but also signi cantly con-
tributes to greater energy dissipation due to greater
friction. Consequently, the absorption peak is shifted
to lower frequencies (Vigran, 2014). However, the in-
crease in panel thickness will, on one hand, increase
the weight of the acoustic structure and, on the other
hand, cause an increase in processing costs. Studies
have shown that when other structural parameters of
MPP or MSP remain the same, an increase in panel
thickness causes the sound resonance frequency to shift
to lower frequencies. This is because the increase in
panel thickness may not only result in an increase
in the amount of air mass in the perforation/slit of
the panel (i.e., an increase in reactance of the acoustic
mass), but also contributes signi cantly to a greater
dissipation of the energy due to the greater friction,
and thus shifting the absorption peak to lower frequen-
cies (Vigran, 2014). But an increase in panel thickness
will, on one hand, increase the weight of the acoustic
structure and, on the other hand, cause an increase in
processing costs.

It is widely recognized that the acoustic impedance
of the micro-slits is proportional to the panel thick-
ness (Maa, 2000; Randeberg, 2000). And vice versa,
an increase in acoustic impedance corresponds to an
increase in e ective panel thickness. Based on this,
this paper proposes a coupled MSPs, which consists
of two MSPs with a distance of less than 1 mm be-
tween them, forming inter-panel micro-slits. As a re-
sult, the acoustic impedance of this proposed structure
is not only provided by the micro-slits on the panels
but also by the micro-slits between the panels. In this
way, the equivalent panel thickness can be increased
by adjusting the acoustic impedance provided by the
micro-slits formed between the panels. Consequently,
this approach can be utilized to improve low-frequency
sound absorption performance.

The remainder of this paper is organized as follows.
The mathematical expression of the normal absorp-
tion coe cient and an analytical model of the acoustic

impedance for a single MSP absorber are provided in
Sec. 2. Based on this, the exhaustive method is used
to investigate the minimum cavity depth and the min-
imum panel thickness required for an MSP absorber
at a given resonant frequency and maximum absorp-
tion coe cient. Next, the results obtained are then
compared with those in existing literature for meta-
materials. In Sec. 3, the coupled MSP absorber is pro-
posed and its theoretical model of impedance is develo-
ped and validated by experiments. The coupled MSP
structure is then used to further optimize the panel
thickness, resulting in the reduction of the acoustic
structure’s total thickness. Finally, the conclusions are
drawn in Sec. 4.

2. MSP absorber and its low-frequency
absorption performance

2.1. MSP absorber

The basic structure of a traditional MSP absorber
consists of a micro-slit panel, a rigid backing wall
and the air cavity between them. This is illustrated
in Fig. 1a, where d is the slit width, t is the panel
thickness, bis the distance between centers of adjacent
slits, and D is the depth of the air cavity. Based on
the acoustoelectric analogy, the equivalent circuit of an
MSP absorber is depicted in Fig. 1b. Here, Zysp is the
speci ¢ acoustic impedance of the MSP and Zp is
the speci ¢ acoustic impedance of the air cavity. The
sound wave impinging on the structure is equivalent
to a source of sound pressure 2p, as produced on the
rigid wall with the time factor exp™ j!t * suppressed
throughout (analogous to the open-circuit voltage) and
internal resistance oc as that of air, where ¢ is the air
density and c is the sound speed in air. The acoustic
impedance of a micro-slit with end correction can be
given as (Maa, 2000; Randeberg, 2000):
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Fig. 1. Schematic diagrams of the composite sound
absorber structure and its equivalent circuit.
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ing the frequency of the incident acoustic wave, is
the perforation rate of the panel (the ratio of surface
area of the slits to the total surface area of the panel),
d~b, i is an imaginary unit, Rs is the resistance end
correction, and X, is the reactance end correction.
The acoustic impedance of the air cavity behind
the MPP with a depth of D is given by:

Zp ] occot’!D ~co: 5)

The overall acoustic impedance of an MSP absorber is
given by:
Z ZMSP ZD . (6)

The normal sound absorption coe cient is calculated

using the equation:
2
1 \ECy. )
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2.2. Design optimization via exhaustive search

Due to the continuous improvement of computer
computing power, the structural parameters of the
MSP absorber can be globally designed and optimized
by the exhaustive search (Lara-Valenciaet al., 2020;
Pierro et al., 2021), according to the noise reduction
performance requirements. In this study, two param-
eters related to the sound absorption performance re-
quirements are considered: the resonant frequency f,
and its corresponding absorption coe cient a,. Once
sound absorption requirements are given, an exhaus-
tive search is used to select the combination of struc-
tural parameters that meet these requirements. If there
are multiple sets of structural parameters that meet
the requirements, the unique combination of parame-
ters is determined by two selection schemes: one is to
select the one with the smallest depth, smallest panel
thickness and the largest resonance absorption coe -
cient in order of preference, i.e., the cavity-depth op-
timal scheme (COS), and the other is to give prefer-
ence to the set with the smallest panel thickness, small-
est depth, and the largest resonance absorption coe -
cient, i.e., the panel thickness optimal scheme (TOS).
The combination of structural parameters used for op-
timization is: the micro-slit width d, panel thickness t,
center distance between two adjacent slits b, and cav-
ity depth D. The parameter range for the exhaustive
search is:

0:1mmBdB1mm;
0:3mmBbB170 mm;

01 mmBt B10 mm;
5mmBD B30 mm:

It should be noted that, rstly, the upper limit of
the panel thickness is set to less than 10 mm, since the
excessive panel thickness will increase the weight and
manufacturing cost of the MSP. Secondly, the upper
limit for the distance between the centers of adjacent
micro-slits is set to 170 mm. This is because the low-
frequency range studied in this paper is 100 500 Hz.
To ensure the applicability of the above derived ana-
lytical equation for the acoustic impedance of the MSP
(considering the micro-slits as parallel), the distance
between two adjacent micro-slits should be less than
1+ of the wavelength corresponding to the maximum
frequency (Liu et al., 2021).

Moreover, the lower and upper limits of the cavity
depth are set to 5 and 30 mm, respectively. This is be-
cause, on one hand, this study is dedicated to nding
structural parameters that not only meet the sound
absorption requirements but also minimize the total
thickness, so the upper limit should not be set too
large, and, on the other hand, according to previous
design experience, the cavity depth is too small to

nd a suitable combination of structural parameters,
so the lower limit of the cavity depth should not be
too small either. The search steps for each parameter
are 0.01 mm for d and 0.1 mm for t, b, and D, respec-
tively. Furthermore, combinations of parameters where
the micro-slit width d is less than the micro-slit spacing
b will be discarded.

2.3. Low-frequency absorption potential

Assuming that resonant frequencies studied are
254, 338.5, and 391 Hz, the optimal combination of
parameters for di erent absorption coe cient require-
ments is determined via exhaustive search based on the
speci ed above selection rules. The results are shown in
Table 1, where T indicates the total thickness of the ab-
sorber. Note that all length-related variables in the
tables of this paper are in millimeters. As can be seen in
Table 1, as the required resonant frequency increases,
both the required minimum cavity depth and minimum
panel thickness decrease accordingly. This is reason-
able, because the smaller the frequency the larger the
wavelength, and thus the size of the required absorber
increases.

Table 1. Performance requirements and the optimal
parameter combination for MSP absorbers.

fr ar Group D t d b T
254 | Co-98 MSP1-COS | 21.7 (| 8.4|0.99 | 169.8 | 30.1
MSP1-TOS | 30 [3.7|0.73| 170 | 33.7
3385 | co:98 MSP2-COS | 13.4|7.5|0.99| 170 | 20.9
MSP2-TOS |29.3|0.5|0.38| 170 | 29.8
391 | Co-98 MSP3-COS |105(7.1|0.99| 170 | 17.6
MSP3-TOS | 25.8|0.1|0.24| 170 |25.9

To examine the low-frequency sound absorption po-
tential of the MSP with the limited cavity depth, its
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absorption coe cients, based on Eq. (7), are compared
with those of ultra-thin metamaterials (with the same
theoretical resonant frequency) from existing literature
(Jim@nez et al., 2016; Cai et al., 2014). The schemes
of the metamaterials used for comparison are shown in
Fig. 2, and their relevant parameters are shown in Ta-
ble 2. The comparison of the theoretical results for the
normal absorption coe cient is presented in Fig. 3.

a)

b) c)

Fig. 2. Schemes of the ultra-thin metamaterial in existing
literature: (a) Helmholtz resonator arrays (Jiménez et al.,
2016), circular absorbers with embedded (b) coplanar spiral
tube, and (c) coplanar resonant chamber (Cai et al., 2014).

Combining the data from Table 1, Table 2, and
Fig. 3, several ndings can be derived:

a) MSPs have the ability to achieve a maximum ab-
sorption value comparable to that of ultrathin
metamaterials while maintaining a wider absorp-
tion bandwidth. Additionally, the panel-thickness
optimal scheme-based MSP absorbers perform
even better than the cavity-depth optimal scheme-
based MSP absorbers in terms of sound absorp-
tion bandwidth. This is attributed to the fact
that the bandwidth is proportional to the ratio
of acoustic resistance to acoustic mass J;E:IA
9" Zwmsp
in which real (Zusp ) denotes the real part of the
acoustic impedance of the MSP, i.e., acoustic re-
sistance, and imag (Zusp ) represents the imag-
inary part, i.e., acoustic mass. According to Ta-
ble 1, the panel thickness optimal scheme-based
MSP has a smaller panel thickness and slit width,
resulting in a higher ratio of acoustic resistance to
acoustic mass, thus yielding a better bandwidth
(Maa, 2000; Randeberg, 2000).

b) At the resonant frequency f, 391Hz, the total
thickness of the MSP3-COS is almost equal to that
of the metamaterial. In other conditions, the to-
tal thickness of the MSP absorber is about 1.5
to 2.7 times that of the metamaterial. Meanwhile,
the total thickness of the panel thickness optimal
scheme-based MSP absorbers is greater than that
of the cavity-depth optimal scheme-based MSP
absorbers.

c) For cavity-depth optimal scheme-based MSP ab-
sorbers, in addition to the cavity depth, the panel
thickness signi cantly contributes to the over-
all thickness of the absorber.

Table 2. Performance and structural parameters of the ultrathin metamaterials.

Members Metamaterial fr [Hz] ar T
Meta-1 Circular absorber with embedded coplanar resonant chamber ( Cai et al., 2014) 254 C0:98 13.3
Meta-2 Helmholtz resonator arrays ( Jiménez et al., 2016) 338.5 C0:98 11
Meta-3 Circular absorber with embedded coplanar spiral tube ( Cai et al., 2014) 391 C0:97 17

Fig. 3. Comparison of the theoretical normal absorption coe cients between MSP and ultra-thin metamaterials
in existing literature.
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From the above conclusions, it can be concluded
that MSP absorbers exhibit great potential for low-
frequency sound absorption in both maximum ab-
sorption coe cient and absorption bandwidth. Speci -
cally, the cavity-depth optimal scheme-based MSP ab-
sorbers show promise in achieving a balance between
better sound absorption performance and a smaller to-
tal structure thickness. But, their comparatively larger
panel thickness may contribute to an increase in man-
ufacturing cost and structure weight.

3. Optimized panel thickness by using coupled
micro-slit panels (CMSP)

3.1. CMSP absorber and theoretical model
of its acoustic impedance

In order to further optimize the panel thickness, an
absorber based on CMSP is proposed. The CMSP ab-
sorber consists of two MSPs with a distance between
them being less than 1 mm, xed before a solid surface
with a cavity of depth D, as depicted in Fig. 4a. Here,
dy represents the gap thickness. The micro-slits on the
top and bottom panels need to be staggered so that
the air ow from the micro-slits of the top panel ows
equally into the two adjacent micro-slits of the bottom
panel. As shown in Fig. 4b, the micro air gap between
MSP1 and MSP2 increases the length of the air ow
path, thus can be equivalently regarded as increas-
ing the thickness of the panel. Based on the acoustic-
electric analogy, the equivalent circuit of the CMSP
can be derived, as shown in Fig. 4c, where the MSP1 is
coupled with MSP2 through the acoustic impedance of
the micro-slits between the two panels.

It can be seen in Fig. 4b that the role of the air
gap between two MSPs is the same as that of the MSP1
and MSP2. Based on the equivalent circuit, the to-
tal acoustic impedance of the entire structure can be
expressed as

Zusp1 22 Zwsp2; (©)]

where Zysp1 , Zmsp1 _2 and Zyspz represents the acous-
tic impedance of MSP1, micro-slits between two MSPs,
and MSP2, respectively. It is important to note that
the micro-slit width, micro-slit thickness and micro-
slit rate of the micro-slits between two MSPs are dg,

Zemwsp Zwmspi

a)

b)

c)

Fig. 4. Schematic diagrams of the CMSP structure
and its equivalent circuit.

b2 d, and dy-b; respectively. When the parame-
ters of MSP1 and MSP2 are determined, the acous-
tic impedance of the CMSP can therefore be adjusted
by the micro-slit width dy alone. The normal sound
absorption coe cient can also be calculated according
to Eq. (7).

3.2. Experimental validation

In this section, the experiment is conducted to
verify the theoretical results of CMSP. An impedance
tube with diameter of 10 cm is used for experimental
test, as shown in Fig. 5, with a working frequency
range of 90 1800 Hz. The measured frequencies are
13 octave center frequencies from 100 to 1600 Hz. The
test sample is made from epoxy resign. In order to form
a CMSP absorber, a special design of the experimental
sample is required in the design phase, and the design
diagrams of the top MSP and bottom MSP are shown

Fig. 5. Layout of the impedance tube.
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in Fig. 6. The structural parameters of the samples
are shown in Table 3, where the subscripts 1 and 2 de-
note MSP1 and MSP2, respectively. The experimental
samples of CMSP#3 are presented in Fig. 7. The com-
parison between experiments and theoretical results is
depicted in Fig. 8. It is evident from Fig. 8 that the
theoretical prediction agrees well with the experimen-
tal data, which proves that the theoretical model is
reliable.

a) b)

Fig. 6. Design schematic of MSPs:
a) top MSP1; b) bottom MSP2.

Table 3. Structure parameters of CMSP absorbers
for experiments.

Member D t12 | di2 dg b
#1 30 1 0.3 0.2 6
#2 30 15 0.5 0.2 8
#3 30 1 0.6 0.3 8
#4 30 15 0.6 0.3 9

Fig. 7. Experimental samples of CMSP#3 for comparison.

3.3. Panel thickness optimization

The parameter range for the exhaustive search for
the CMSP absorber is de ned as:

O:1mmBdBl1mm; O1mmBtB1mm;
0:3mmBbB170 mm; Q1 mmBdy; B1mm; (10)
5mmBD B30 mm:

The selection of the optimal combination of
parameters for a CMSP absorber follows the cavity
depth optimal scheme (COS). The optimal combina-
tions of parameters selected for the CMSP absorber
are shown in Table 4. It shows that the optimal panel
thickness can be reduced signi cantly by the CMSP,
with the panel thickness reaching the lower limit of the
parameter range as thin as 0.1 mm. Although a panel
thickness of 0.1 mm may be impractical in practical
applications, it foreshadows the great potential of

Fig. 8. Comparison between experimental data and theoretical prediction of normal sound absorption coe cient
for CMSP absorbers.
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Table 4. Theoretically optimal combination of parameters for CMSP absorbers.

Member fr ar D t1;2 di;2 dg b1:2 T

CMSP1 254 C0:98 24.1 0.1 0.94 0.99 77 25.29
CMSP2 338.5 C0:98 15.1 0.1 0.83 0.99 73 16.29
CMSP3 391 C0:98 12 0.1 0.81 0.99 71 12.19

Fig. 9. Comparison of normal absorption coe cients between CMSP, MSP, and ultra-thin metamaterials.

CMSPs in reducing the panel thickness. In practical
applications, the structural parameter range for op-
timization can be exibly modi ed based on actual
processing conditions. The comparison results of nor-
mal absorption coe cients between CMSP absorbers,
COS-based MSP absorbers and metamaterials are il-
lustrated in Fig. 9. As can be seen in Table 4 and
Fig. 9, for di erent resonance frequency requirements
(254, 338.5, and 391 Hz), although the overall thick-
ness of CMSP absorbers decreases by 16, 22, and 27%,
and the panel thickness is reduced by 98.8, 98.6, and
98.5%, respectively, compared to single MSP-COS ab-
sorbers, CMSP absorbers still outperform both MSP-
COS absorbers and metamaterials in terms of sound
absorption bandwidth. In particular, at f, 391Hz,
the CMSP achieves better sound absorption perfor-
mance with less total thickness compared to Meta-3.
Moreover, at resonant frequencies of 254, 338.5, and
391 Hz, the total thickness of the CSMPs is 0.187, 0.16,
and 0.138 times the resonant wavelength, respectively,
demonstarting sub-wavelength dimensions.

4. Conclusion

A subwavelength absorber based on CMSP is pro-
posed and investigated to achieve high absorption
in the low-frequency range at a smaller thickness.
Firstly, COS and TOS, respectively, are employed
to maximize the low-frequency absorption potential
of a MSP), demonstrating that COS enables MSP to
achieve a smaller total thickness but a higher panel
thickness. The CSMPs’ acoustic impedance theoreti-
cal model is subsequently developed and experimen-
tally veri ed. Based on the theoretical model, COS is
used to optimize the CSMP’s low-frequency absorption
capability in order to further reduce panel thickness.
It is shown that the CSMPs can signi cantly reduce

the panel thickness while maintaining relatively better
sound absorption properties compared to both MSP
and metamaterials in existing literature. Notably, at
a resonance frequency of 391 Hz, the total thickness
of the CMSP can reach subwavelength dimension of
0.138 ( denotes the resonance wavelength).
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