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Traditional space-coiled acoustic metamaterials have been widely used in the fields of low-frequency sound absorption
and noise reduction. However, they have limitations in terms of low-frequency absorption bandwidth, and the weak coupling
effect under complex coiled structures also limits their applications. In this work, we introduce the composite structure
changing the characteristic impedance of acoustic metamaterials to enhance the coupling effect. Meanwhile, the perforated
plates with inclined design instead of traditional partitions greatly improve the sound absorption. The model and method
designed in this paper show significant innovation in enhancing low-frequency absorption performance.
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1. Introduction

Acoustic metamaterials, as a unique type of artificially
engineered material, have attracted widespread attention over
the past several years.!!"”] Anomalous control of acoustic
waves can be achieved by structural design of metamateri-
als, such as extraordinary reflection, ! negative refraction, !
and superlensing.!'%!!) Due to the significant importance of
sound absorption and noise reduction in everyday life and in-
dustrial applications, sound-absorbing acoustic metamaterials
have attracted considerable attention,!!>"17] especially space-
coiled acoustic metamaterials with flexible adjustment and ex-
cellent low-frequency sound-absorbing properties.!'324 Con-
ventional space-coiled acoustic metamaterials with a two-
dimensional labyrinth channel design have been widely used
in low-frequency sound absorption and noise reduction.2>-30]
However, there is still room for further optimization because
of its narrow absorption bandwidth and poor multi-unit cou-
pling effect.31]

On the other hand, the microperforated plates (MPP)
have been demonstrated to obtain excellent performances in

[32-36] Considering its

sound absorption and sound insulation.
unique structural construction and sound absorption mecha-
nism, Li and others have achieved the purpose of promoting

low-frequency absorption by perforating the surface of space-
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coiled acoustic metamaterials.>*2%341 Although this series of
methods can better solve the problem of low-frequency ab-
sorption, their practices generally remain in the surface de-
sign of metamaterials, such as additional perforation design on
the surface of space-coiled metamaterials and other structural
change methods. In fact, these methods do not fully utilize
the internal structural space of metamaterials, so there is still
some room for improvement.

In this paper, we propose a composite inclined perforated
plate space-coiled acoustic metamaterial (IPP-SCAM) to ad-
dress the weak coupling issue of space-coiled structures in
low-frequency absorption. The structure consists of eight un-
even space-coiled structures, each unit is designed to enhance
the interaction between structures and overall sound absorp-
tion capability. Specifically, replacing the traditional parti-
tions inside the structure by perforated plates with inclined
holes, the damping state of the system is change, and the
coupling effect between structures is further enhanced. Com-
pared with traditional space-coiled acoustic metamaterials, the
designed composite structure has significantly improved the
low-frequency absorption and stability. Meanwhile, the ex-
perimental results are in good agreement with the numerical
results, which proves the reliability of this research design

scheme.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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2. Modeling and theoretical analysis

Traditional perforated plate sound absorption devices are
usually composed of a thin plate with holes and a cavity below.
However, common adjustment methods mainly include chang-
ing the perforation rate, plate thickness, and cavity depth.
Here, based on previous research on inclined holes, [22:36] we
introduce inclined hole perforated plates into space-coiled
acoustic metamaterials to explore the impact on absorption
performance and the corresponding physical mechanisms.

The designed structure consists of a perforated plate and
an internal cavity, measuring 54 mmx54 mmx52 mm. The
relevant parameters for the perforated plate are the hole radius
of 1 mm, the perforation rate of 16.7%, and the plate thick-
ness of 2 mm. The inclined holes is introduced by inclining
the traditional long straight cylindrical perforations along the
vertical to the horizontal, as shown in Fig. 1. For the conve-
nience of subsequent description and calculation, the incline
angle is defined as «, and the degree of incline is described
by the tangent value tan ¢. Generally, the larger the value of
tan a, the smaller the degree of incline of the perforations.
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Fig. 1. Structural schematic diagram. (a) Schematic diagram of a mi-
croperforated plate model; (b) microperforated plate absorber profile
on the left, inclined hole microperforated plate absorber profile on the
right; (c) profile diagram and isometric view of IPP-SCAM.

Sound absorption by metamaterials is mainly influenced
by the interaction of sound waves with the material structure.
The key parameters affecting sound absorption are the acous-
tic impedance of the material and the boundary conditions set
by the geometry of the structure (the size and orientation of the
holes). First, the effect of inclined holes on the sound absorp-
tion properties of acoustic materials is analyzed and explored.
By incorporating geometrical modifications into the classical
model of acoustic interactions, we derive expressions for the
acoustic impedance and the absorption coefficient, emphasiz-
ing the role of inclination in enhancing low-frequency sound
absorption.

The inclined hole can be considered as a vertical perfora-
tion of the extended path, and the effective perforation length
can be expressed as [ = dg/sina, and its acoustic impedance
can be expressed as

Zipp = jopol |1 — - ~
'/ =3 3o (/=)

where @ represents the angular frequency, pg is the air den-

2 (s'@]] 0

sity, dg is the perforation length (usually the thickness of the
perforated plate), 1 is the viscosity coefficient, Jo is the Oth
order Bessel function, J; is the 1st order Bessel function,
s' = ripn/Po®/7 is the inclined hole perforation constant and
rip is the radius of the inclined hole perforation.

Through the transfer matrix method, the sound absorption
coefficient of the structure is further calculated. Assuming the
upstream and downstream particle velocities in the thin perfo-
rated plate are the same, the transfer matrix can be simplified
as

1 ZIPP:| . ?)

Tipp = [0 1

On the other hand, the transfer matrix of the cavity behind the
plate can be written as

cos (koh)  jZosin (koh)
T. = | jsin (koh . 3
J—SmZ(OO ) cos (koh) )

Therefore, the overall transfer matrix of a multilayer com-
posite structure can be obtained by multiplying the matrices of
the various components in the structure.

T, T,
Ta = Tipp1 T 1 Tipp2 T2 - - - Tippn Ten = [Ti; TiZ] Y

Finally, the sound pressure and particle velocity on the
surface of the sound-absorbing body can be written as

pi De Tatr Taz | | Pe
=T = . 5
|:Ui] A[Ue] |:TA21 TA22:| [UJ ©)
Furthermore, the surface acoustic impedance Z; =
Pi/Ui = Ta11/Ta21 can be used to obtain the structure’s sound
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absorption coefficient

Zo— 7o |?
Zs+ZO

A=1— 6)

The characteristic impedance of air is Zy = poco, where
co represents the speed of sound propagation in the air.

3. Numerical results and discussion

Figure 2(a) shows the sound absorption of the model
at tana = 1 for temperatures 293 K—-313 K. From the fig-
ure, it can be seen that the sound absorption coefficient does
not change much with increasing temperature and remains
at a high level throughout the frequency range, which indi-
cates that the acoustic metamaterial is able to maintain a sta-
ble sound absorption performance under different tempera-
ture conditions. Figure 2(b) shows the acoustic absorption
of the model at different incline angles. As the tangent de-
creases it brings about longer perforation paths, which pro-
motes low-frequency absorption, but with it comes a sacrifice
in low-frequency bandwidth. The subsequent composite struc-
ture compensates for this by enhancing the inter-structure cou-

pling.
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Fig. 2. (a) Acoustic absorption properties at different temperatures
when tan o = 1, (b) acoustic performance at different tangents.

Figure 3 illustrates the energy loss modal plots at dif-
ferent tangents, simulated using thermo-viscous acoustics in
the finite element simulation software COMSOL Multiphysics
6.0. All models are set to an air domain with a hard sound

field boundary, density po = 1.21 kg/m?, and sound speed

co =343 m/s. In the mode maps of inclined holes with differ-
ent tangent values (corresponding to the above peak frequen-
cies), the striking red areas marking the high-energy loss at
the resonance frequencies are the key locations where energy
loss occurs in metamaterials. As the incline angle o of the
inclined hole decreases, the greater the energy loss inside the
inclined hole. This is attributed to the reduction in the incline
angle, which extends the propagation path of the acoustic wave
and increases the contact area with the inclined holes, leading
to greater thermal viscous losses and improved low-frequency

absorption.
tana =1 tana=1.5 tana= 2 tana=2.5 tana=
| T
Min Max

Fig. 3. Modal plots of energy loss at different tangents.

In this study, to further enhance the low-frequency ab-
sorption performance of space-coiled acoustic metamaterials
(SCAM), The internal partition with a perforated plate was re-
placed, using smaller holes instead of traditional voids as the
propagation channel for sound waves, as shown in Fig. 1(c).
Due to the adoption of a multi-layer composite structure, the
design of the number of layers in the perforated plate became
a key factor. Next, we introduced the inclined hole perforated
plate (IPP) for comparison to comprehensively explored its
sound absorption performance. Figure 4 illustrates the impact
of the number of layers in MPP and inclined hole perforated
plates on sound absorption performance and plots the curve
of sound absorption coefficients varying with frequency. In
the figure, we used a gray dashed line to represent the sound
absorption performance of SCAM as a reference to compare
the performance of the other three composite perforated plate
structures.

After a detailed comparative analysis, it can be found
that the sound absorption performance of MPP-SCAM, IPP-
SCAM (tana = 3), and IPP-SCAM (tana = 1) all shifted
towards lower frequencies as the number of perforated plate
layers increases. The simulation calculation shows that the
absorption frequencies of these three structures are reduced by
19%, 20%, and 26% respectively. This indicates that the low-
frequency absorption performance of IPP-SCAM (tano = 1)
is the best, and the increase in the number of composite IPP
layers has a positive effect on low-frequency absorption.

The loss factor ngsls and leakage factor Ql;ik of the
system are calculated based on the coupled mode theory
(CMT). The overall coupling pattern of the system can be
described using the loss factor ngsls and the leakage fac-
tor Qlfe;k. In general, there exists the mathematical rela-
tionship Q! = Ql;;s + Ql;;k. For single-port absorbers, the
end of the metamaterial is usually a hard acoustic field wall,
so there is no transmission of energy through the system.
That is the reflection coefficient R at the resonant frequency
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can be expressed by the following mathematical relationship

2
_ _ _ 182
R= (Qlo;s - Qleik) / (Qlois + Qle;k) . R denotes the reflec-
tion coefficient. Further, the sound absorption coefficient cazn
be calculated as A = 1 — |R|* = 40,100 h /(O + 01"
Subsequently, the loss factor ngis and the leakage factor Q). ;k

of the system can be calculated from the relationship between
the absorption coefficient curve A, the peak absorption fre-
quency fr, and the half-peak width Af of the resonance fre-
quency. Then, the coupling pattern of the system is then deter-

mined by the size relationship between the two.
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Fig. 4. Effect of the number of layers of MPP and IPP on sound absorption performance. (a) The influence of the number of MPP layers on
acoustic absorption performance. The effect of the number of IPP layers on sound absorption performance at (b) tano = 3 and (c) tano = 1.
(d) Ql;sls and Ql’e;k for models A (MPP-SCAM), B (IPP-SCAM (tan & = 3)), C (IPP-SCAM (tana = 1)).

Where I, 11, and III denote the MPP-SCAM, IPP-SCAM
(tanox = 3), and IPP-SCAM (tano = 1) replacement four-
layer spacer structures, respectively. After calculating the loss
factor Qggs and leakage factor Ql_e;k of the system, the damp-
ing state of the system can be determined from the magnitude
relationship between Ql:)sls and Ql_e;k, as shown in Fig. 4(d).
When the two points of the values of Q;);s and ng;k coincide,
it means that the system is in the impedance matching state.
And the farther away the two points are from each other in-
dicates that the impedance is more mismatched. According to
Fig. 4(d), it can be clearly observed that the difference between
the loss factor Qﬂ)is and the leakage factor Ql;;k of I, II, and III
is getting bigger and bigger and always in the relationship of
Qlj);s >Ql_e;k, which indicates that the increase of incline an-
gle of inclined hole perforated plate changes the characteristic
impedance of the system, and the system is gradually trans-
formed to the over-damped state. Therefore, the coupling ef-
fect between the two is increasingly strong.

To thoroughly analyze the reasons of promoting low-
frequency absorption, the real and imaginary parts of
impedance are calculated to assess the damping state of the
system, as shown in Fig. 5. When Re(Z;/Zy) = 1, it repre-

sents complete consumption of the incident acoustic energy.
Figures 5(a)-5(c) show that the real parts of the impedance
for MPP-SCAM, IPP-SCAM (tana = 3), and IPP-SCAM
(tan or = 1) structures are slightly greater than one at their reso-
nant frequencies, and with an increase in the incline angle, the
real part of the impedance also increases. Such variations in-
dicate that a larger incline angle enhances the system’s energy
dissipation capability but also gradually leads to impedance
mismatch, transitioning from an impedance-matched state to
an over-damped state. In an over-damped system, the system
could rapidly decay the oscillations of incident sound waves,
minimizing the energy of reflected sound waves, thereby im-
proving energy absorption efficiency and enhancing inter-unit
coupling.

The acoustic responses such as sound absorption coeffi-
cient and sound pressure of SCAM and IPP-SCAM are also
simulated. The designed IPP-SCAM broadband absorber con-
sists of eight carefully designed independent units. The main
parameters include an incident port width wg = 6 mm, a in-
clined hole angle @ = 63.435°, a plate thickness d; = 2 mm,
an inclined hole radius r; = 0.75 mm, a sub-unit length d; =
47 mm, a width d,, = 22 mm, and a height 4, = 40 mm.
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different layers at tano = 1.

To validate the conclusions proposed above, finite ele-
ment simulations are conducted for calculation. The relative
surface acoustic pressure |P| /Py and particle vibration veloc-
ity are extracted to simulate the strong coupling of the multi-
unit structure IPP-SCAM as shown in Fig. 6(a). Three char-
acteristic modes I, II, IIT are selected for analysis, correspond-
ing to the characteristic modalities at 494 Hz, 550 Hz, and
620 Hz respectively. In the three modal plots, the blue area
represents the lower sound pressure, the red area represents
the higher sound pressure, and the arrows indicate the propa-
gation direction of the sound wave and the magnitude of the
sound velocity. The increase in the speed of sound as well as
the diversity of propagation directions indicates that the sound
waves interact with each other in different units and the en-
ergy transfer is more efficient. It can be clearly observed that
multiple units participate in absorption at each characteristic
frequency, rather than a discrete single action. In this way, the
material can provide maximum sound absorption performance
at different frequency points.

To conduct a detailed acoustic performance evaluation
of the IPP-SCAM broadband sound absorber, the assembled
sample was placed in the material acoustic testing system
as shown in Fig. 6(b). The sample was measured multiple
times by rotating it. Manufacturing was done using 3D print-
ing technology, using resin as the raw material, with the fol-
lowing properties: density 1.12 g/cm?, modulus of elasticity
2589 MPa, Poisson’s ratio 0.42, heat deflection temperature
58 °C, strain at break 11%, yield strain 3.4%. The acoustic test
system selected was the BSWA F100 impedance tube test sys-
tem at 20 °C for testing, as shown in Fig. 6(b). A total of multi-
channel data acquisition instrument MC3242A, measurement

power amplifier PAS50, sound-absorbing impedance tube F100,
microphone MPA416, and so on. It meets the test standards
GB/T 18696.2, GB/J 88, ISO 10534-2, ASTM E1050-12.
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Fig. 6. Testing and results: (a) IPP-SCAM modal maps of surface
coupling at different resonance frequencies, (b) acoustic test systems,
(c) simulation and experimental results.

As shown in Fig. 6(c), the experimental data and simu-
lation data have good consistency, and there are some differ-
ences possibly due to the errors generated during the sample
manufacturing process. The designed structure IPP-SCAM
can achieve an absorption coefficient of over 0.9 within the
frequency range of 486 Hz—623 Hz. The broadband absorp-
tion effect of IPP-SCAM benefits from the coupling action of
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eight over-damped state absorption units, which significantly
improves both low-frequency absorption and structural cou-
pling compared to traditional SCAM.

4. Conclusions

In conclusion, we thoroughly discuss the impact on sound
absorption performance of acoustic metamaterial after replac-
ing the traditional partitions with an inclined hole perforated
plate. Through theoretical derivation, finite element simula-
tion, and experimental testing, it has been verified that the
change in its impedance mode brings stronger coupling effects
between different structures of the system, and the optimized
structure has significantly improved low-frequency absorption
performance. Notably, the optimized IPP-SCAM broadband
absorber can achieve a sound absorption coefficient of over
0.9 within the frequency range of 486 Hz—623 Hz, which is
significantly better than the traditional SCAM, significantly
improving the low-frequency broadband absorption effect and
absorption stability.
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