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Abstract: A strategy based on the decoupling design of two elementary structures, both made of coiled-up channels, is proposed. One channeling structure is designed for blocking sound transmission, while the other element is used for absorbing
sounds at low-transmission frequencies. Based on this strategy, the sound-absorbing sample with air ventilation is fabricated
and its high-absorption capability is demonstrated experimentally. The expanding of sound absorption bandwidth by combining different absorptive channels into the sample structure is also demonstrated. The proposed method provides a new route
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1. Introduction
Absorption of audible sounds by materials and/or structures of subwavelength scale is a long-standing interest in wide
branches of wave physics due to both its scientiﬁc challenge and engineering demand. Among diverse models, the structure
embedded with cavities and channels offers the great design ﬂexibility to tailor sound propagation losses, and has been
proven valid in achieving either sound insulation or absorption while maintaining the subwavelength geometry.1–4 For the
one-port system terminated by rigid backings, the sound absorption problem refers to the issue of how to remove the wave
reﬂected from the backing side. This could be achieved by matching the input impedance of control materials to the air in
as wide a frequency range as possible using Fabry–Perot channels5,6 and Helmholtz resonators.7 By contrast, in the two-port
system that allows the ﬂow of air through it, the challenge of perfect acoustic absorption relies on the fact that the transmission and reﬂection of sounds must be eliminated simultaneously. For a thin layer whose thickness is far less than the
operating wavelength, there exists a critical coupling condition, which results in the fact that the limit of maximum sound
absorption is 0.5.8 Great efforts have been devoted to reach high absorption beyond this limit in recent years.
Several models have been proposed for sound absorption in ventilated structures.9–21 For instance, perfect sound
absorption can be achieved through mirror-symmetric and anti-symmetric resonances by using a pair of degenerated
monopole and dipole resonators of subwavelength dimensions,9,22 or through the rainbow trapping of sounds in an array
of Helmholtz resonators with graded dimensions.20 Efﬁcient sound absorption is also available through the hybridization
of different eigenmodes in two layers of split tube resonators,10,18 decorated thin membranes resonators,21 Helmholtz resonators,12–17 coiled-up Fabry–Perot resonators,11 and micro-perforated plates.19 For either degenerate or hybrid resonance
mechanisms, perfect sound absorption requires the delicate regulation of two or more absorptive elements. In this study,
we propose a different strategy to achieve high sound absorption in two-port systems. In this strategy, one structure is
designed for blocking the wave transmission yet with the air ﬂow, while the other structure is designed for absorbing
sounds. The reﬂective and absorptive structures can be designed separately using this strategy, which lifts the restriction
on the delicate manipulation of functional structures. Results will be demonstrated by both theoretical and experimental
analyses.
2. Methods
We begin with a straight waveguide internally coupled to a rigidly backed coiling channel of cross sectional area S2 and
length L2, as illustrated in Fig. 1(a). Effective length of the coiling channel relative to the waveguide is denoted by L1.
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Fig. 1. Theoretical model. (a) A ventilated waveguide inserted with a rigidly backed coiling channel for achieving sound absorption, (b) combined with another channeling structure with open ends on both sides used for reﬂection of sounds, (c) contour plot of acoustic transmission
T against the variation of the frequency f and length ratio L3/L1. The line plots refer to the curves fs,m ¼ mc0/(L3 þ L1) and fc,n ¼ (n  1/2)c0/
(L3  L1), where m ¼ n ¼ 1 is chosen, (d) normalized effective sound velocity ce3/c0, and (e) effective density qe3/q0 of reﬂective channels for
different frequencies.

The cross sectional area of the upstream/downstream part of the waveguide is denoted by S0, and the area of the ventilated
part is S1. Sound transmission coefﬁcient is given by (see the supplementary material23)
Ta ¼ 

2Z2 =Z0



;
Z 2 S2
S0 Z2 S2 S1 Z2
cos k0 L1 þ i
sin k0 L1
2 þ
þ þ
Z 0 S0
S1 Z0 S1 S0 Z0

(1)

where k0 ¼ x/c0 and Z0 ¼ q0c0. Z2 refers to the input impedance of the coiling channel, and is given by Z2 ¼ iZe2 cot(xL2/ce2),24
where Ze2 and ce2 are effective impedance and effective sound velocity, respectively (see the supplementary material23) and they
have incorporated the effect of viscous damping of air inside narrow channels. Now, let us analyze the case that the ventilated
part is of subwavelength size, i.e., k0L1  1, then it follows from Eq. (1) that Ta ¼ 2Z2/(2Z2þZ0S2/S0). According to Eq. (1), the
condition to diminish the transmission is to let Z2 ¼ 0. The imaginary part of Z2 can be made zero at a particular resonant frequency. However, the real part of Z2 (acoustic resistance) is the non-zero value, describing the acoustic damping caused by the
visco-thermal effect in micro channels. This concludes the fact that high sound absorption is hard to achieve by subwavelength
side branches with damping.
In this work, we made an effort to overcome this limitation by combining the absorptive channel with another
channeling structure capable of strong sound reﬂection, as depicted in Fig. 1(b). The reﬂective structure is a space-coiling
channel of cross sectional area S3 and length L3 with open ends on both sides. The general expression of acoustic transmission T and reﬂection coefﬁcient R of the composite structure is given by (see the supplementary material23)
2a


T¼
;
(2a)
ð1 þ bÞ 1 þ b þ A2 Z0 =ð/2 Ze2 Þ  a2
R¼

ð1 þ cÞ/2 Ze2  A2 Z0
ð1  cÞ/2 Ze2 þ A2 Z0

(2b)

with
a ¼ A1 n1 þ A3 n3
n1 ¼

1
;
i sin k0 L1

Z0
;
Ze3
n3 ¼

b ¼ A1 /1 þ A3 /3
1
;
i sin k3 L3

Z0
;
Ze3

c¼

a2
 b;
1þb

/j ¼ icotkj Lj ð j ¼ 1; 2; 3Þ;

where Z0 ¼ .0c0, Aj ¼ Sj/S0, k1 ¼ k0 ¼ x/c0, k2 ¼ x/ce2, and k3 ¼ x/ce3. Ze3 and ce3 represent the effective characteristic
impedance and effective sound velocity of thin-sized channeling structure (see the supplementary material23). From Eq. (2a),
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the transmission T can be diminished if the numerator is zero, namely a ¼ 0; this condition is only related to the modulation of reﬂective channels, irrespective to the absorption channels. At low-transmission frequencies corresponding to a ¼ 0,
the reﬂection R can be further lowered by modulating the absorptive channels, according to Eq. (2b). So, it is possible to
implement the decoupling design of reﬂective and absorptive channels to achieve high sound absorption of ventilated
structures.
3. Results and discussions
Let us proceed with the analyses using numerical examples. Consider ﬁrst the case whereby there is only the reﬂective
channel with parameters L1 ¼ 90 mm, S0 ¼ 80  80 mm2, S3 ¼ 10  25 mm2, S1 ¼ S3, and S2 ¼ 0. Figure 1(c) shows the contour plot of the transmission T against the variation of the frequency f and length ratio L3/L1. The trajectories of transmission dips can be clearly observed. Based on the fact that the imaginary parts of both effective sound velocity and density
of reﬂective channels are very small as presented in Figs. 1(d) and 1(e), we assume that the reﬂective channel is free of
damping, having ce3 ¼ c0 and qe3 ¼ q0, in order to illustrate how the trajectory correlates to the zero-transmission condition, a ¼ 0. In that case, we have Ze3 ¼ Z0, and the condition of a ¼ 0 leads to sin[k0(L3 þ L1)/2]cos[k0(L3  L1)/2] ¼ 0. The
explicit relations between the frequency f and length L3 of reﬂective channels can then be identiﬁed and expressed by two
sets of equations fs,m¼ mc0/(L3 þ L1) and fc,n¼ (n  1/2)c0/(L3  L1), herein m and n are positive integer values. In fact,
these two frequencies fs,m and fc,n are relevant to local monopolar and dipolar modes of the channel with open ends.25
Consider the lowest order modes m ¼ n ¼ 1, the frequencies fs,1 and fc,1 against the length ratio L3/L1 have been plotted in
Fig. 1(c), showing the excellent agreement with the transmission-dip trajectories. This conﬁrms our prediction that the
transmission drop is just relevant to the modulation of reﬂective channels.
Next, let us analyze acoustic responses of composite structures with both reﬂective and absorptive channels. We
begin with a special case by setting the length ratio L3/L1 ¼ 3. At this case, the zero-transmission condition a ¼ 0 results in
the same frequencies fs,1 and fc,1, both equaling c0/(4L1). The reﬂection coefﬁcient R in Eq. (2b) is simpliﬁed as
R ¼ (Z2  Z0A2)/(Z2 þ Z0A2). This equation is in exactly the same form to the reﬂection of the composite structure in
which the opening of both reﬂective and ventilated channels is rigidly blocked. The reﬂection can then be readily diminished using the absorptive channel. Despite the fact that the damping of reﬂective channels is neglected in the above example and the result is restricted to the special case L3/L1 ¼ 3, the decoupling-design strategy disclosed here can be extended
to the more general scenarios with damping and arbitrary length ratio L3/L1 as addressed below. It is seen from Fig. 1(c)
that the length ratio L3/L1 affects the transmission-dip frequencies in an inversely proportional manner. Without loss of
generality, we consider the case L3/L1 ¼ 5. Figure 2(a) shows the frequency spectrum of acoustic transmission, reﬂection,
and absorption of the composite without absorptive channels. Compared to the case of L3/L1 ¼ 3, the extremely low transmission below 0.01 can be observed in a ﬁnite frequency band from 420–705 Hz (solid line). Importantly, this lowtransmission behavior also can be predicted by the non-damping model (dashed line), showing the weak dependence on
the damping effect. One could also understand this behavior from Fig. 1(c), where the low-transmission region corresponds to the frequency range between fc,1 < f < fs,1. It is noteworthy that the low transmission is caused by the strong
reﬂection rather than the sound dissipation as shown in Fig. 2(a). At low-transmission frequencies, we employ absorptive
channels to further reduce the sound reﬂection. According to Eq. (2b), the sound reﬂection R can be removed by equating
its numerator to zero, obtaining the zero-reﬂection condition (1 þ c)/2Ze2 ¼ A2Z0, where c are known parameters relevant

Fig. 2. Frequency spectrum of acoustic transmission, reﬂection, and absorption of the composite with only reﬂective channels (a), and added
with absorptive channels [(b)–(d)] capable of high sound absorption at frequencies 473, 550, and 633 Hz, respectively.
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to the reﬂective channel. Using this condition, the geometry of absorptive channels can then be determined for a given frequency. As examples, we choose three different frequencies 473, 550, and 633 Hz, all falling within the low-transmission
region. The geometric parameters of absorptive channels are determined as L2 ¼ 178.42 mm, S2 ¼ 28  5.7 mm2;
L2 ¼ 153.57 mm, S2 ¼ 28  5.4 mm2; L2 ¼ 133.75 mm, S2 ¼ 28  5.2 mm2, respectively. Acoustic responses of composite
structures with three types of absorptive channels are shown in Figs. 2(b)–2(d). When absorptive channels are included,
the spectrum proﬁle of acoustic transmission remains nearly unchanged, while the reﬂection has been greatly reduced at
the target frequency. Eventually, the high sound absorption is achieved as a result of reduction of both sound transmission
and reﬂection. To sum up, the reﬂective channel is designed according to the zero-transmission condition a ¼ 0, and is
used for the transmission reduction. The absorptive channel functions for further reducing the sound reﬂection at the
transmission-dip frequencies, and it can be designed based on the zero-reﬂection condition (1 þ c)/2Ze2 ¼A2Z0. For the
proposed model, the reﬂective and absorptive channels can be designed separately, allowing the decoupling-design strategy
to be adopted for achieving the high sound absorption.
Based on the decoupling-design strategy, we have designed and fabricated the sound-absorbing sample as shown
in Fig. 3(a). The sample consists of a hollow cavity for air ventilation, and deposited on one side of the cavity is the coiled
rectangular cross sectional duct used for sound reﬂection. Three types of absorptive channels with different working
frequencies 404.5, 432.5, and 455.5 Hz are placed compactly on the other side (see the supplementary material23 for their
geometric parameters). The sample is fabricated by the 3 D printing using ABS (acrylonitrile butadiene styrene plastic)
materials, which can be considered to be rigid with respect to air. We ﬁrst evaluate the sound transmission, reﬂection, and
absorption of the sample without absorptive channels by blocking their entrances with rigid panels, as shown in Fig. 3(b).
Experimental results show the near-zero transmission near frequencies 404.5 and 715 Hz, as well as the very low transmission between them. Notice that the low transmission in this broad frequency range is induced by the strong reﬂection
instead of the intrinsic viscous damping as indicated in the ﬁgure. To realize the high sound absorption at lowtransmission frequencies, we open separately each absorptive channel and measure acoustic responses of composite structures as shown in Figs. 3(c)–3(e). In the presence of absorptive channels, the sound transmission spectrum remains nearly

Fig. 3. (a) The schematic and photograph of the sound-absorbing sample that comprises one reﬂective channel and three absorptive channels
with different working frequencies. (b)–(f) Theoretical, simulation, and experimental results of acoustic responses of the sample in ﬁve cases.
(b) No absorptive channels operate. (c)–(e) Only one absorptive channel operates. (f) Three absorptive channels operate simultaneously.
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unchanged while high sound absorption has been realized at the target frequency, clearly demonstrating the decouplingdesign strategy.
Acoustic performances of the sample structure are also veriﬁed by ﬁnite-element simulations based on software package COMSOL Multiphysics. To simulate the viscous damping of the air within the channels, the viscousthermal losses are taken into account using the Narrow Region Acoustics module. Simulation results have been
presented in Fig. 3, where theoretical predictions based on Eq. (2) are provided as well. Theoretical, simulation, and
experimental results of peak absorption frequency coincide very well and their spectrum proﬁles are in good agreement.
With the aid of simulation results in Figs. 3(c)–3(e), we provide a deep analysis of underlying mechanisms of nearly
total absorption at target frequencies 404.5, 432.5, and 455.5 Hz by plotting acoustic pressure ﬁelds at the respective
vertical mid-plane of absorptive, ventilated, and reﬂective channeling structures, as shown in Figs. 4(a)–4(c). In all three
cases, antisymmetric scattering behavior is clearly observed at inlet and outlet regions of reﬂective channels. The absorptive channel with a rigid end is known to affect the incident wave by the monopole scattering, and is characterized by
symmetric behavior in the vicinity of its inlet. Thus, the maximum absorption attained here may be understood by the
critical coupling between the symmetric and antisymmetric resonances. This is consistent with the observation in
mirror-symmetric acoustic metascreens,9 where perfect absorption has been achieved based on this mechanism.
Although the studied system is not mirror symmetric, the critical coupling behavior can still be observed, demonstrating
the generalization of this concept.
Figure 3(f) shows acoustic responses of the sample when three absorptive channels operate simultaneously.
Measured sound absorption is greater than 0.8 in the frequency range 396–461 Hz, demonstrating the superposition effect
of individual channels for the widening of the absorption bandwidth. Notice that the sample thickness is 90 mm, which is
1
wavelength of air corresponding to the band center frequency 428.5 Hz. So, the high sound absorption by ventinearly 8:4
lated structures of subwavelength size has been clearly demonstrated. One might be able to further broaden the absorption
bandwidth by packing more absorptive channels.
The air ventilation performance of the sample structure is studied by numerical simulations based on the computational ﬂuid dynamics (CFD) module in COMSOL Multiphysics (see the supplementary material for modeling
details23). Figure 4(d) shows the averaged outlet ﬂow velocity against the variation of inlet velocities for systems with and
without the sample structure. It is seen that the ﬂow velocity at the outlet region increases with an increase in input airﬂow rate with almost linear proportionality. This is consistent with experimental observation in some other types of ventilated structures.10,26 Figure 4(e) shows the contour plot of the absolute ﬂow velocity at the horizontal mid-plane of the
model for various inlet ﬂow velocities. The air ﬂowing across the ventilated channel can be clearly observed, demonstrating
the air ventilation performance of the structure. Notice that the outlet ﬂow is bent towards the boundary wall due to
the asymmetric geometry of the structure, but without inﬂuencing the ventilation behavior. The ventilated channel has the
percentage of opening 18%. It yields a smaller outlet velocity than that of the fully opening case (i.e., without the

Fig. 4. (a)–(c) Acoustic pressure ﬁeld distribution at the respective vertical mid-plane of absorptive, ventilated, and reﬂective channeling structures for three types of systems corresponding to Figs. 3(c)–3(e) with maximum absorption at frequencies of (a) 404.5 Hz, (b) 432.5 Hz, and
(c) 455.5 Hz, respectively. Simulation results of the ventilation performance: (d) averaged outlet ﬂow velocity against inlet velocities in cases
with and without the sample structure, and (e) contour plots of the absolute ﬂow velocity at the horizontal mid-plane of the model for various
inlet ﬂow velocities 1, 4, and 8 m/s.
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structure), as shown by comparison results in Fig. 4(d). However, the proposed model holds the potential to further
enlarge the ventilation opening through the design optimization.
4. Conclusions
In summary, we have proposed the channel-type structures capable of both high sound absorption and air ventilation. The
model consists of two types of channeling structures, in which the reﬂective channel functions for the blockage of sound
transmission, while the absorptive channel is used for absorbing sounds at low-transmission frequencies. The reﬂective
and absorptive channels can be designed separately, allowing the decoupling-design strategy to be adopted for achieving
the high sound absorption. Results have been demonstrated by theoretical, numerical, and experimental analyses. The
model holds also the potential to expand the absorption bandwidth by combining different absorptive channels into the
sample structure. The proposed method is potentially applicable to the engineering environment that demands noise
absorption and air ventilation.
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