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Abstract: A new type of deep subwavelength acoustic metamaterial (AMM) absorber with 100%
ventilation is presented in this study. The proposed ventilation absorber consists of coiled-up half-
wave resonators (HWRs) and quarter-wave resonators (QWRs). First, the sound absorption and
sound transmission performances for absorbers were analyzed considering the thermal viscosity
dissipation. Then, the prototype with ten HWRs and three QWRs composed of acrylic plates was
manufactured based on the theoretical model. The acoustic performance of the absorber was tested
in an air-filled acoustic impedance tube to determine the sound absorption and transmission loss
performances. Good agreement was found between the measured and theoretically predicted results.
The experimental results show that the proposed ventilation AMM absorber is able to achieve sound
absorption in a range between 330 Hz and 460 Hz with a thickness of only 32 mm (about 3% of the
wavelength in the air). Furthermore, the sound transmission loss can achieve 17 dB from 330 Hz to
460 Hz. The main advantage of the proposed absorber is that it can be completely ventilated in duct
noise control.

Keywords: sound absorption; sound transmission loss; ventilated acoustic metamaterials

1. Introduction

The problem of noise pollution has gradually increased in recent years. Research has
shown that noise has a great impact on people’s physical and mental health [1–8], mostly
having a direct effect on sleep [5]. Long-term exposure to noise will induce physiological
disorders. Moreover, researchers have studied people exposed to noisy environments, such
as roads, railways, and airports, and found that exposure to noise increases the risk of car-
diovascular disease [1–3,7], whilst low-frequency noise affects human cognition [6] and has
a more obvious impact on the health of vulnerable people [2]. Therefore, noise attenuation
is important for human health. It is well known that high-frequency noise is easy to reduce
by using conventional passive control techniques, such as fiber materials and synthetic
foam [9–14]. However, it is difficult to reduce low-frequency noise, since the thickness
of these materials, by rule of thumb, is approximately a quarter of the operating wave-
length [15], which would certainly cause the oversize of these materials in low-frequency
noise reduction. This can be attenuated with the use of acoustic metamaterials (AMMs),
which have grown, after two decades of development, from the initial sonic crystals with
effective negative elastic constants [16] to the current manifold structure AMMs that con-
tain subwavelength structures and acoustic metasurfaces [17–21]. In recent years, it has
been demonstrated that to improve the wavelength-to-thickness ratio, the back cavity can
be processed into coiled-up Fabry–Pérot (FP) channels [22] to maximize the operating
frequency wavelength in a limited space. Moreover, Long et al. [20] and Chang et al. [18]
presented two new structures that can dampen sound with 17.7 and 7.1 times its own
thickness wavelength (λ). Furthermore, Wu et al. [21] and Almeida et al. [23] proposed
a hybrid structure, coupling a micro-perforated plate (MPP) with coiled-up FP channels
whose working frequency wavelength can reach up to 30 times their own thickness.
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AMMs can be used not only in sound absorption but also for sound insulation, as
in the case of membrane-type AMM [24,25], which exhibits good sound insulation per-
formance at low frequencies. However, the membrane itself has significant shortcomings,
including subversion resistance and ventilation. More recently, Zhang et al. [26] built a
corrective structure made from acrylonitrile–butadiene–styrene (ABS) plastic with a 63%
ventilation rate so as to address the issues of lack of anti-destructiveness and ventilation,
and Fusaro et al. [27] designed a metacage window structure (with a 33% opening ratio),
which has a mean value of 30 dB of TL from 350 Hz to 5000 Hz.

From the above examples in the literature, it can be concluded that the current structure
of AMM shows a huge advantage in sound absorption and insulation. However, high-
efficiency, low-frequency sound absorption and insulation (concerning ventilation) remain
significant challenges in acoustical engineering. Thus, in this study, we propose a symmetry
absorber that has both sound absorption and insulation. Not only does it absorb noise with
a deep subwavelength (0.03λ), but it is also noise proof in the case of a 100% ventilation
rate. Moreover, under the same test conditions, the TL and sound insertion loss (IL)
performances of this absorber in full ventilation are not available in the micropore AMMs.

The current paper starts with a description of an AMM, designed using the coiled-up
channel. Then, the analytical method for sound absorption and insulation is reported.
Subsequently, the experimental results are presented and compared to the theoretical
results. Finally, we summarize our work on the subwavelength structure for the low-
frequency integration study of sound absorption and insulation in the case of a 100%
ventilation rate.

2. Analysis of the Ventilated AMM Absorber
2.1. Structure of the Ventilated AMM Absorber

The proposed sound absorber is composed of five pairs of symmetrical HWRs formed
by coiled-up space and, to improve the utilization of the remaining surface space in the
upper level, three QWRs containing a pair of symmetrical numbers with the designed
length were installed in the remaining volume. Thus, this sound-absorbing structure
is a compound of two types of tubes, as shown in Figure 1a–c. Required geometrical
parameters are marked in the top view of the model and in the cross-sectional view of a
unit tube, as shown in Figure 1d.
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Figure 1. Schematic diagram of the 3D structure of the acoustic metamaterial, with the geometrical parameters annotated 
in the 2D plan view. (a) Five pairs of symmetrical HWRs with coiled-up space, (b) the designed QWRs in the remaining 
space, (c) complete absorber, (d) the top view of the absorber and section view for designed QWRs and HWRs in the xy 
and yz plane. The geometric dimensions that need to be paid attention to in the structure are: height(H), length (L) and 
width (W) of the absorber; Thickness of partition (t, t1); The length difference between the HWRs (D1, D2, D3, D4). The 
required physical length for the absorber are shown on the right. 
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Figure 1. Schematic diagram of the 3D structure of the acoustic metamaterial, with the geometrical parameters annotated in
the 2D plan view. (a) Five pairs of symmetrical HWRs with coiled-up space, (b) the designed QWRs in the remaining space,
(c) complete absorber, (d) the top view of the absorber and section view for designed QWRs and HWRs in the xy and yz
plane. The geometric dimensions that need to be paid attention to in the structure are: height (H), length (L) and width
(W) of the absorber; Thickness of partition (t, t1); The length difference between the HWRs (D1, D2, D3, D4). The required
physical length for the absorber are shown on the right.
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2.2. Sound Absorption Coefficient

Assuming that the cavity is distributed on the rigid panel of the absorber (as shown in
Figure 1c), the total impedance on the surface of the model (Zt) can be given by the sum of
the impedance of the HWRs (Zj

H) and QWRs (Zj
Q), such as

Zt =

 n

∑
j=1

1

Zj
H

+
m

∑
j=1

1

Zj
Q

−1

(1)

where the superscript “j” stands for j-th coiling-space, i.e., the HWRs or QWRs, along
the x-axis.

According to the authors of [15], the surface impedance Zj
H and Zj

Q can be expressed as

Zj
Q = −i

S0

Sj
Zc cot(meLj

Qeff) (2)

and

Zj
H = −i

S0

Sj
Zc

sin(meLj
Heff)

2
[
1− cos(meLj

Heff)
] (3)

where S0 = WL is the area in the xy plane of the absorber; Sj is the cross-sectional area

of the j-th square coiled-up units; Lj
Qeff = Lj

Q + δ [28] is the effective length of the QWRs,

with the j-th physical length of the QWRs as Lj
Q and the modified parameters of wave

propagation distance as δ; and Lj
Heff = Lj

H + δ is the effective length of the HWRs, with the

j-th physical length of the HWRs as Lj
H.

Considering that the one-dimensional viscothermal plane wave propagates in the
uniform square-section pipe, the effective acoustic propagation constant me and the charac-
teristic impedance Zc can be expressed through the function F(η) [29,30], which yields

me =

(
ω

c0

)[
γ− (γ− 1)F(v′/γ)

F(v)

]1/2

(4)

and
Zc = ρ0c0F(v)−1/2[γ− (γ− 1)F(v′/γ)

]−1/2 (5)

in which

F(η) =
64jω
ηa2d2

∞

∑
m

∞

∑
n

[
α2

mβ2
n(α

2
m + β2

n +
jω
η
)

]−1

(6)

where the constant coefficients αm = (2m + 1)π/a and βn = (2n + 1)π/d (m, n = 0, 1,
2, . . . ); ω = 2π f is angular frequency; the constants v′ = κ/(ρ0Cv) and v = µ/ρ0 with
κ = 0.026 W/(m · K), Cv= 0.7178 kJ/(kg · K), and µ = 1.8134× 10−5 Pa · s indicating
the thermal conductivity, specific heat at constant volume, and kinematic viscosity of air,
respectively; γ = 1.41 is the specific heat ratio; j =

√
−1 is the imaginary unit; and η is the

independent variable of the function F(η).
The degree of energy dissipation of the sound-absorbing material is reflected by

the sound absorption coefficient α. It is related to the ratio of the incident and reflected
wave. Therefore, the sound absorption coefficient at the surface of the absorber can be
expressed as

α = 1−
∣∣∣R2
∣∣∣ (7)

where R =
∣∣∣ Zt/ρ0c0−1

Zt/ρ0c0+1

∣∣∣ is the reflection coefficient; and ρ0 = 1.21 kg·m−3 and c0 = 343 m · s−1

are the density and sound velocity of air, respectively.
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2.3. Transmission Loss Based on Transfer Matrix

A complex system can be divided into some basic acoustic units. The relationship of
state variables between the inlet and outlet of each acoustic unit can be represented by the
transfer matrix. By multiplying the transfer matrix of all the units, the transfer matrix of
the whole system can be obtained [31].

As shown in Figure 2, the complex pipeline system is divided, producing a multi-
bypass system, and these two systems are equidistant from each other. Assuming plane
wave propagation, transfer matrices expressing the relationship of state variables between
the “in” and “out” of the b-th bypass system ([Tb]) and the connecting portion between b-th
and (b + 1)-th bypass pipe system along the x-axis ([Txb]) can be expressed as

[Tb] =

 1 0
n
∑

u=1

2iSbu
h (1−cos(me Lbu

Heff))

Zc sin(me Lbu
Heff)

+
m
∑

u=1

iSbu
q

Zc
tan(meLbu

Qeff) 1

 (8)

and

Txb =

[
cos(kxb) i(ρ0c0/S)(sin kxb)

i(S/ρ0c0) sin(kxb) cos(kxb)

]
(9)

where S = D2 is the area of the main tube; Sbu
H = ab and Sbu

Q = ab are the cross-sectional
areas of the HWRs and QWRs, respectively; Lbu

Heff = Lbu
H + δ and Lbu

Qeff = Lbu
Q + δ are the

effective length for the HWRs and QWRs, respectively, in which Lbu
H and Lbu

Q represent the
physical length for the HWRs and QWRs, respectively; k = 2π f /c0; xb= 16.8 mm is the
distance between two adjacent bypass systems (b-th and (b + 1)-th); and superscript “bu”
denotes u-th bypass tube, i.e., the HWRs or QWRs, in b-th bypass system.

Finally, this complex pipeline system can be represented by the transfer matrices
between basic acoustic units, such as[

pin
vin

]
= [T]

[
pout
vout

]
= [T1][Tx1] · · · [Tb][Txb] · · ·

[
Tx(n−1)

]
[Tn]

[
pout
vout

]
=

[
A B
C D

][
pout
vout

]
(10)

where pin and vin are the sound pressure and volume velocity at the inlet of the first
acoustic unit in the complex system, respectively; pout and vout are the sound pressure and
volume velocity at the outlet of the last acoustic unit in the complex system (as shown
in Figure 2), respectively; and A, B, C, and D are the four matrix elements of the transfer
matrix of the whole system ([T]).

The expression of sound transmission loss (TL) of the whole system according to the
matrix elements is obtained and expressed as follows:

TL = 20 log 10
∣∣∣∣12
(

A + B
S

ρ0c0
+ C

ρ0c0

S
+ D

)∣∣∣∣ (11)
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3. Comparison and Analysis of the Results of the Experiment and Calculations
3.1. Experiment Setup

According to the given parameters, we cut polymethyl methacrylate (PMMA) to
fabricate the prototypes. In order to examine the acoustic attenuation performance of the
prototype, we set up measuring systems of sound absorption, sound transmission (TL),
and insertion loss (IL), as shown in Figure 3, of which the limiting frequency was 1133 Hz.
The prototypes were excited using a broadband sound source over a frequency range of
10 Hz–1000 Hz in measurement. Firstly, based on the sound absorption measuring system,
a single pair of symmetrical HWRs or QWRs cells and another single QWR cell (as the color
parts show in Figures 4 and 5) were measured using the two-microphone transfer function
method [32]. To further investigate the sound absorption property in the broadband, we
measured the model containing only symmetrical HWRs and the whole absorber. Except
for the measured unit cells in the whole absorber, as described in the measuring process
above, the other cells were temporarily sealed. Secondly, to analyze the potential in sound
transmission loss and based on the TL measuring system, we measured one, two, and four
absorbers with and without sponge, respectively using the four-microphone method [33].
Finally, in order to further reflect the noise reduction effect of the whole pipe testing system
before and after the installation of the absorbers, we carried out the measurement of one,
two, and four absorbers, respectively, by placing a microphone at the outlet of the main
tube (as shown in Figure 3).
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3.2. Sound Absorption

The measured sound absorption coefficients of a pair HWRs or QWRs or a single
QWR are presented in Figure 4. In order to verify the theoretical model, the calculated
results are also shown in Figure 4. From Figure 4, it can be deduced that the computed
results agree reasonably well with the experimental results. For example, as Figure 4d
shows, the sound absorption peaks corresponding to the natural frequencies of 419 Hz and
420 Hz are 0.74 and 0.89 for the analytical and experimental results, respectively, and the
relative bandwidth at 50% of the maximum absorption is 29 Hz and 20 Hz for the analytical
and experimental results, respectively. Comparing the other images in Figure 4 shows
that the maximum relative difference between theory and experiment is less than 0.2 Hz,
7 Hz, and 10 Hz for the absorption peak, the natural frequency, and the relative bandwidth,
respectively. The errors are mainly attributed to two aspects. On the one hand, errors were
introduced in the manufacturing and assembling processes and were unavoidable. On
the other hand, errors arose from the differences between the theoretical hypothesis and
the actual circumstances of the experiment. In the theoretical model, we assumed that the
surface that includes the impedance tube and the absorber was perfectly smooth and that
the plane wave was propagated in the impedance tube. However, the experiment showed
that some surface roughness inevitably exists in the impedance tube and the absorber, and
the local non-planar wave exists in the discontinuous section, i.e., in the interface between
the impedance tube and the absorber [17].

The sound absorption performance of the material is closely related to its total surface
impedance. The perfect sound absorption effect can be obtained by matching the surface
impedance (Zt) of the material and the impedance of the air (ρ0c0). It can be ascertained
from the sound wave propagation characteristics that, when the sound wave enters one
medium from another medium, only when the impedance of the two media are well
matched can there be a good incident amount; otherwise, it will be completely reflected.
For noise in the air, if Re(Zt/ρ0c0) = 1 and Im(Zt/ρ0c0) = 0 of the sound-absorbing
material, the noise is completely absorbed. Figure 5 shows the matching results of the
proposed metamaterial. The real part at the corresponding frequency of zero imaginary
part is close to 2, which means that there is a better sound absorption effect at the natural
frequency (as shown in Figure 4). Furthermore, it can be seen from Figure 5 that, when the
cross-sectional area of the folded channel is constant, the tube length can control its natural
frequency but has little effect on the value of the real part. Therefore, the natural frequency
can be controlled by adjusting the tube length. Thus, by combining these HWRs units with
suitable length differences as an absorber, the one-peak curves presented in Figure 4 can
be a multi-peak coupling curve. However, from the analysis of Figures 6 and 7, it can be
deduced that the number of QWRs increases the curve of the real part close to the unit
value, for which reason an increase in the number of tubes results in an increase in the
opening area. Therefore, increasing the opening area can improve the sound absorption
coefficient, which further proves that the two-port tube has more advantages than the
one-end open tube in sound absorption.

In Figures 8a and 9a, it can be seen that the coupling curves, whether produced by
calculating or measuring, have several deep valleys between the adjacent peaks. Therefore,
to optimize the sound absorption coefficient, we used the remaining space in the absorber
to design three QWRs, as shown in Figure 1b. Consequently, Figures 8b and 9b show that
this optimized method can improve the sound absorption performance of the absorber,
and, from 330 Hz to 460 Hz, the average sound absorption rates increased by 6% and 10%
for the experimental and analytical methods, respectively. Furthermore, it can be seen that
the valleys corresponding to the peak frequency of the QWRs shown in Figures 8b and 9b
have improved. In addition, a tiny peak of no more than 0.2 around 250 Hz can be seen.
The reason is that the wavelength of 1.3 m at 250 Hz is close to the length of the impedance
tube (1.2 m), which makes the impedance tube produce a sound absorption peak caused
by weak vibration.
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372 mm (e). On the left is the corresponding tube of the experiment and calculations.
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Finally, to make the sound absorption coefficient curve smoother, the absorber was
pasted with a 3 mm thickness sponge on the surface (as shown in Figure 10). As shown
in Figure 11, the sound absorption coefficient has a curve with small amplitudes. Fur-
thermore, it can be seen that the theoretical and experimental results in Figure 11 are in
good agreement. It is important to note that the thickness of the absorber that achieves the
absorption effect described above is only 3% of the working wavelength (0.03λ).
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3.3. Sound Transmission Loss (TL) Performance for Complete Cross-Ventilation

In this section, we demonstrate the TL performance of the absorber for complete cross-
ventilation, as shown in Figure 3. Figures 12 and 13 show the calculated and measured TL
curves under different numbers of ventilated AMM absorbers with and without sponges.
It can be seen that the theoretical results of TL in Figure 12a–c are in agreement with those
of the experiments. Specifically, the differences between the mean value of TL obtained
from the experimental and analytical methods are 2.4 dB, 4.1 dB, and 2.9 dB from 330 Hz
to 460 Hz in Figure 12a–c, respectively, which are within the accepted error range. The
experimental set-up for the corresponding number of absorbers is shown in the upper left
corner of Figure 12a–c. Figure 12 reveals that TL improves significantly with the increase
in the number of absorbers.
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Figure 13. The TL curves were produced by measuring the 1 (a), 2 (b), and 4 (c) absorbers with the sponge (3 mm thick).

Similarly to the sound absorption curve, the TL curve has five peaks. To smooth the
peaks, the different numbers of absorbers covered with the sponge were measured, and the
results are shown in Figure 13a–c. By comparing the three pictures, it can be deduced that
the TL curves are higher and smoother around 380 Hz. This is mainly because the natural
frequency that corresponds to the added quarter-wavelength tube is also approximately
380 Hz. Thus, the higher the number of tubes with the same natural frequency, the higher
the TL that can be obtained. Furthermore, the ratio of the cross-sectional area of the main
pipe to all bypass pipes with the same natural frequency determines the value of the TL.

As shown in Figure 13c, the mean value of TL is 17 dB from 330 Hz to 460 Hz, which
is 2.4 times that of the absorber in Figure 13a. Therefore, we can predict that better TL
performance can be obtained by using more absorbers. It is worth mentioning again that, as
a metasurface structure (H ≈ 0.03λ), it not only has a certain broadband sound absorption
function, but it also has a 100% ventilation and sound insulation performance.

3.4. Sound Insertion Loss (IL) Performance for Complete Cross-Ventilation

The IL results (as shown in Figure 14) with the different number of ventilated AMM
absorbers can be obtained by bringing the measurement data into the following formula:

IL = 20 log
∣∣p′/p

∣∣ (12)

where p′ and p are the pressures measured by the microphone at the outlet of the main
tube before and after the installation of the absorber, respectively.
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Figure 14. The insertion loss of a pipe system with 1, 2, and 4 absorbers from 280 Hz to 500 Hz.

From Figure 14, it can be seen that IL is largely determined by the number of the
absorbers embedded in the wall of the main tube. This proves that a pipe system with a
larger number of absorbers will have a more ideal muffling effect, especially at 317 Hz,
420 Hz, and 455 Hz. Moreover, it shows a good attenuation in noise from 365 Hz to 467 Hz,
and, within this range, the average of IL is up to 15 dB for the pipe system with four
absorbers, which increased by 200% compared to an absorber. Hence, IL will have a
more significant improvement if the main tube is composed of this absorber. Once again,
these results were produced under thorough ventilation and the operating wavelength is
33 times the thickness of the absorber.

4. Conclusions

In this study, a new type of ventilated AMM absorber is proposed for simultaneous
low-frequency noise attenuation and air ventilation. To predict acoustic performance, we
deduced the theoretical model of the absorber, and, to validate the theoretical solutions,
it was compared with the experimental data; good agreement was obtained. The results
demonstrate that the maximum average sound absorption rate and TL that can be achieved
are 0.69 and 17 dB in the frequency range of 330 Hz to 460 Hz, respectively. The IL reached
33 dB around the frequency of 317 Hz when the pipe system contained four absorbers, and
noise could be continuously reduced at an average IL of 15 dB in the frequency range of
365 Hz to 467 Hz. In this work, the most challenging issue was obtaining the expected
acoustic performance with a 100% ventilation rate and deep subwavelength structure. We
accomplished that for which we hoped and, subsequently, we will further expand the
bandwidth of noise attenuation based on the present study.
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