
PHYSICAL REVIEW APPLIED 16, 064057 (2021)

Broadband Low-Frequency Acoustic Metamuffler
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In this research, we propose and design an acoustic metamuffler (AMM) by coupling a microperforated
plate and a composite waveguide formed by a main waveguide and a Helmholtz resonator. The pro-
posed mechanism and deliberately designed structure are conducive to generating multimode resonances
that help to improve the coupling absorption effect and lead to broadband (4 octaves) sound insulation.
We develop an effective circuit model to analytically predict the insulation bandwidth and put forward
numerical and experimental measurements that demonstrate the effectiveness of the proposed concept.
The designed AMM produces sound insulation with an average of 20 dB of sound-transmission loss at a
low-frequency range, extending from 100 to 1600 Hz, while having an ultrathin thickness of 6.2 cm (1/55λ

for the lowest working frequency). Our findings could have pragmatic applications for acoustic insulators
or absorbers.
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I. INTRODUCTION

In acoustic engineering, it is a key scientific problem to
understand how to achieve low-frequency and broadband
noise cancellation with small thickness, while maintaining
air circulation or ventilation. Traditional sound-absorbing
materials and sound barriers not only need huge structural
sizes (windows, walls, etc.) to eliminate low-frequency
noise, but also cannot guarantee air circulation while
eliminating noise [1]. Acoustic metamaterials [2,3] and
acoustic metasurfaces [4] can achieve the regulations of
low-frequency acoustic waves with subwavelength struc-
tural sizes, such as negative refraction, acoustic stealth,
and acoustic abnormal reflections [5–7]. Thanks to the
great success of acoustic metamaterials and acoustic meta-
surfaces for low-frequency acoustic wave manipulations,
various metastructures have been applied to the design
of sound absorbers for application in the noise-control
field [8–10]. By employing local resonance and Fano res-
onance [11–13], sound waves within a certain frequency
range can be dissipated and absorbed in the structures,
and such designs make it possible for the subwavelength
metastructure to regulate low-frequency sound waves; this
provides a different strategy for low-frequency acoustic
wave manipulations.
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‡L. Shen and Y. Zhu contributed equally to this work.

Considering that noise is usually broadband, the real-
ization of low-frequency broadband noise cancellation has
always been the focus of and challenge for research. The
emergence of the coupling structure of multiple resonant
modes with optimized structural resonance and acoustic
interference provides a different design methodology for
broadband sound cancellation [14–17]. Even so, achieving
low-frequency and broadband sound cancellation under
airflow conditions [11–13,17–20] remains a challenge.

Here, we propose and demonstrate an acoustic metasur-
face muffler (AMM) to achieve low-frequency wideband
noise elimination. In a prior study [21], it was illustrated
that tunable acoustic filters could be realized by a com-
posite waveguide consisting of a Helmholtz resonator and
the main waveguide. Here, we combine the composite
waveguide [21] with a microperforated plate [22–24] as
the building block of the AMM to improve the band-
width of sound insulation. The designed coupled structure
helps to increase the resonant mode density of the sys-
tem [25], especially at very low frequencies. Based on the
principle of acoustic absorption interactions and multipa-
rameter resonance units, low-frequency broadband noise
elimination is achieved. We first analyze the coupled struc-
ture theoretically by developing effective circuit models
(acoustic-electric analogy [26]). Then, the effectiveness
of the proposed theory is verified through simulation and
experiment. Through theory, simulation, and experiment,
it is proved that this structure can achieve broadband
noise cancellation within the range of 100–1600 Hz (the
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average noise-cancellation amount is higher than 20 dB),
and its thickness is only 6.2 cm. The proposed mechanism
based on the coupled structure can lead to ultrabroadband
(4 octaves) sound insulation, which outperforms previous
broadband designs [14–17]. In addition, putting a microp-
erforated panel connected in series introduces an additional
trade-off between ventilation performance and sound insu-
lation, since the microperforated plate may block part
of the fluid under flowing-fluid-filled circumstances [17].
We therefore evaluate and optimize the ventilation per-
formance in our case. The most critical factor affecting
the ventilation performance of the AMM is the ventila-
tion area. Through calculations, it can be concluded that
the minimum ventilation area of the AMM designed in this
work is about of 81 mm2, which accounts for about 13%
of the cross-section area.

II. RESULTS

A. The coupled silencing structure

As shown in Fig. 1(a), we draw a conceptual diagram
of an AMM that consists of a coupled structure connected
by a microperforated plate layer and a composite waveg-
uide layer. The structure is a square with a side length
of a = 70 mm and total thickness of H = h1 + h2 + h3.
Here, h1 = 2 mm is the thickness of the microperforated
plate. h2 = 20 mm is the thickness of the mid-air layer.
h3 = 40 mm is the thickness of the composite waveguide
layer. The pore diameter of the top microperforated plate
is r = 0.3 mm, and the perforation rate is σ = πr2/p2 =
0.4%. The outer parameters of the four units (four units)
at the bottom are the same. For clarity, the composite
waveguide layer is detached to show the details of its inner
structure. It has four kinds of composite waveguide units
with different parameters. In each unit, the cross-section
area of the acoustic main waveguide and the length of the

TABLE I. Structural parameters of the composite waveguide.

Unit 1 Unit 2 Unit 3 Unit 4

S2 (mm2) 1 × 1 2 × 2 3 × 5 5 × 7.5
V (mm3) 18 000 18 000 22 500 22 500

neck are S1= 4 × 30 mm2 and l = 4 mm, respectively. The
other parameters for the four units are shown in Table I (S2
is the cross-section area of the necks; V is the volume of
the Helmholtz cavity).

To make the AMM have a broadband muffling effect,
each unit has a different sound-absorption and isolation-
frequency band. In addition, on the surface of the structure,
we also design a microperforated plate structure, the ane-
choic frequency band of which is just complementary to
the composite waveguide layer. As shown in Fig. 1(b), four
composite waveguides are conceived explicitly, so that
each one has its contribution (highly efficient dissipation
or resonance), and they collectively provide remarkable
sound blocking over a wide frequency range, while the
whole structure features a subwavelength thickness.

B. Theoretical model

The coupled silencing structure is shown in Fig. 1(a).
Based on the theoretical analysis, the impedance of
the microperforated plate is calculated according to the
acoustic-electrical analogy method, and then the acoustic
transmission characteristics of the resonant structure are
calculated by using the local analysis method, to obtain the
sound-transmission loss (STL) of the whole structure. The
STL of the coupling structure is determined by

LST = 10 log10
1
tI

, (1)

(a) (b)

(c)

FIG. 1. (a) Schematic diagram
of AMM and the unit’s compo-
sition. (b) Composite waveguide
units have a different internal size
and are divided into three parts:
waveguide, neck, and Helmholtz
cavity. (c) Composite waveguide
layer is composed of four units.
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tI = 4

4 cos2(k2D)+
(

Z2+Z2
0

ZZ0

)2

sin2(k2D)
, (2)

where tI is the transmission coefficient of sound intensity,
k2 = 2π f /c0 is the wave number, D is the width of the
structure, f is the frequency of the incident sound wave,
Z = ρ0c0 is the characteristic impedance of air, Z0 is the
structural impedance, ρ0 = 1.21 kg/m3, and c0 = 343 m/s
represents air density and sound velocity in air.

By using the acoustic-electric analogy, we can calcu-
late the relationship between the acoustic impedance of
the structure and the parameters of each structure. It can
be seen from Fig. 2(a) that the whole structure satisfies the
following conditions:

P0 = P1 + P2. (3)

The complex impedance of each part is assumed to be
Z1 and Z2:

Z0 = Z1 + Z2. (4)

We can determine the magnitude of Z1 and Z2 from

Z1 = R1 + j XL1 − j XC1, (5)

Z2 = R2 + j XL2 + R2R3−XL2XL3+XL2XC3+j (R3XL2+R2XL3−R2XC3)

R2+R3+j (XL2+XL3−XC3)
,

(6)

where the waveguide and microperforation plate can be
regarded as an inductor, L, in series with a resistor, R,
at low frequencies, Meanwhile, the Helmholtz resonator
cavity and cavity backing are equivalent to a capacitor,
C. XL = 2π fL and XC = 1/2π fC express inductive and
capacitive reactance, respectively. j represents the imag-
inary unit. Analogous to acoustics and electricity, L =
ρl/S2 and C = V0/(ρ0c2

0), where V0 is the volume of the
Helmholtz cavity.

For the microperforated plate structure, we can sim-
ply calculate its acoustic transmission-loss curve. When
the aperture of the microperforated plate is small, its

(a)

(b)

FIG. 2. (a) Acoustic-electrical analogy of acoustic metasurface muffler. Left, acoustic metasurface muffler; middle, microperforated
plate; right, composite waveguide. (b) Relationship between transmission loss and frequency for the microperforated plate with dif-
ferent mid-air layer thicknesses (rhombuses, circles, and squares correspond to h2= 10, 20, and 30 mm, respectively) and different
composite waveguides of units 1–4, corresponding to blue, orange, yellow, and purple lines, respectively.
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impedance, Z1, can be expressed as [22]

Z1 ≈ 4
3 j ωρt + 32ρμt

d2 . (7)

The acoustic transmission loss of the microperforated plate
structure can be calculated by

LST = −20 ln
(

1 + Z1σ

2ρc

)
. (8)

The green line in Fig. 2(b) can be obtained by numerical
calculations. The results show that the designed microp-
erforated plate structure has a good noise-reduction per-
formance, and the sound-reduction effect is significantly
improved within the wider frequency range from 0 to
2000 Hz, theoretically.

For the composite waveguide structure, the acoustic
transmission loss can be calculated as follows:

tI = 1
1+(ρ2c2)/(4S2

2X 2
b ) , (9)

where Xb = ωρl/S2 − ρc2/ωV. The STL of the compos-
ite waveguide structure can be obtained by combining
Eq. (9) with Eq. (2). Based on Eqs. (1)–(9), we find that
the sound-transmission loss of the AMM highly depends
on the parameters of both the microperforated panel and
the waveguide. Thus, reasonable structural design param-
eters can lead to a planar and optimized sound-insulation
spectrum, considering the coupling effect between struc-
tures.

To further explore the underlying working mechanism,
as shown in Fig. 2(a), we establish the acoustic-electric
analogy model of the coupled anechoic structure and
obtain the changing relationship of the sound-transmission
loss of each part of the structure with frequency, according
to the acoustic local-analysis method. In Fig. 2(b), here,
we focus on the four frequency points of 202, 403, 698, and
1104 Hz, corresponding to units 1–4, respectively, at which
the capability of the coupled muffler is dominated by sound
absorption induced by viscothermal loss and reflection by
effective impedance mismatching. This is due to the res-
onance of the composite waveguide. As the frequency of
the noise increases, the effect of the microperforated plates
becomes even more dramatic. According to our design,
when the frequency exceeds 1100 Hz, the microperforated
plate plays a major role in sound absorption and insulation
in the coupling structure.

In brief, the AMM can realize broadband noise elimina-
tion because of the existence of the resonance peak for the
composite waveguide and the assistance of the microper-
forated plate. Through the above analysis, it is proved that
broadband acoustic suppression comes from the coaction
of the four coupled resonant chambers. Empowered by the
coupling effect, our muffler has a wide noise-attenuation
bandwidth. Compared with the noise-cancellation struc-
ture designed solely by interference [27] or dissipation [28]

mechanisms, our advantage lies in making full use of the
synergistic effect of resonance and dissipation to achieve
low-frequency and broadband noise cancellation.

C. Numerical simulation and experimental
demonstration

The designed coupled silencing structure is numeri-
cally simulated by using the “pressure acoustics, frequency
domain” module of COMSOL Multiphysics, in which the
frequency domain study is performed to calculate sound
transmission through the coupled silencing structure. To
be consistent with experimental conditions and estimate
its low-frequency behavior under plane-wave incidence,
the designed coupled silencing structure is placed within a
cylindrical waveguide, both the waveguide wall and cou-
pled silencing structure are considered acoustically rigid in
the physical field settings. To avoid the effects of reflected
waves, both ends of the waveguide are set as plane-wave
radiation boundaries, while the incident wave is a plane
wave and the acoustic pressure amplitude is set to 1 Pa.
Because there are tiny structures inside, we choose that
these regions are “narrow region acoustics” in COMSOL,
which can simulate the acoustic structures by considering
viscothermal loss.

Figure 3(a) shows the acoustic-pressure-amplitude dis-
tributions for different modes (modes 1–5). Incident direc-
tions are marked by arrows and the incident pressure is
marked by Pi. According to the previous analysis, modes
1–3 (202, 403, and 698 Hz, respectively) are mainly caused
by coupling resonance of different composite waveguides,
and the additional cavities are formed by microperforated
and composite waveguides. In addition, it can be seen from
Fig. 3(a) that the composite waveguide structures play a
major role in different vibration modes, which are related to
our parameter design. For mode 4 (1104 Hz) in Fig. 3, we
find that the acoustic pressure amplitude is large not only in
the third composite waveguide but also in the mid-air layer.
This means that the cavity of the mid-air layer between the
microperforated plate and the composite waveguide is also
resonant at 1104 Hz. Mode 4 is caused by the coupling res-
onance of the mid-air layer and the composite waveguide.
For mode 5 (1300 Hz) in Fig. 3, we find that the composite
waveguide is no longer resonant. Resonance only occurs
in the mid-air layer. This is consistent with the theoreti-
cal results of the acoustic-electric analogy analysis. Figure
3(b) shows that the improper selection of parameters will
reduce the STL of the structure, and the selection of the
aperture of the microperforated plate has a great influence
on the middle and high frequencies (mode 4 and mode 5).
A comparison of the parameters r = 0.3 and 0.6 mm shows
that r = 0.3 mm has higher efficiency, and thus, we choose
this optimized radius for the final design. We also plot the
curve for the structure with only a microperforated plate
in Fig. 3(b) as a reference. The comparison shows that the
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(a)

(b)

(c)

FIG. 3. (a) Sound field distri-
bution in the structure at fre-
quencies of 202, 403, 698, 1104,
and 1300 Hz, denoted as modes
1–5, respectively. Incident direc-
tions are marked by arrows and
incident pressure is marked by
Pi. (b) Simulation diagram of the
STL curve of the AMM (r = 0.3
and 0.6 mm) and microperfo-
rated plate (r = 0.3 mm). Modes
1–5 are marked in the figure. (c)
Simulations considering a mid-air
layer with different thicknesses of
h2= 20 and 30 mm.

designed AMM has a higher STL efficiency than that of the
microperforated plate. Figure 3(c) shows the simulation
considering a mid-air layer with different thicknesses of
h2= 30 and 20 mm. Combining the results in Figs. 3(c) and
2(b), we find that the STL is increasing with the mid-air
layer thickness. Considering the trade-off between sample
thickness and sound insulation, we choose h2= 20 mm for
sample fabrication.

Meanwhile, the standard impedance-tube system is used
for experimental measurements, along with the double-
load method [20], where the sample is fixed firmly with
clamps in the impedance tube. The experimental setup,
consistent with that adopted in numerical modeling, is
schematically illustrated in Fig. 4(a). The sample of the
AMM, made of photosensitive resin via three-dimensional
(3D) printing, is shown in Fig. 4(b). Relevant results are
shown in Fig. 4(c). The parameters of the structure are
consistent with those used in theoretical calculations.

As can be seen from Fig. 4(c), the theoretical prediction
shows excellent agreement with numerical and experimen-
tal results, demonstrating the effectiveness of our design.
The designed AMM sample blocks more than 90% of

incident sound energy in the range of 100−1600 Hz
(experimental data). In Fig. 4(c), caused by the resonance
of the composite waveguide, there are multiple peaks
within 100–1600 Hz. Meanwhile, the dissipation effect of
the microperforated plate forces the coupling muffler struc-
ture to retain a high muffler capacity. More specifically,
harnessing the power of dissipation in combination with
resonance remarkably lowers the onset frequency in the
current design. It is noted that the “sampled” frequencies
do not exactly coincide with the peaks. This is because
modes 1–5 are inevitably affected by the coupling res-
onances between composite waveguides and the mid-air
layer. However, we consider that this effect is not obvi-
ous in the case of very low sound frequency (modes 1–3),
because the resonance frequency for the mid-air layer is
between modes 4 and 5.

For the optimization of the frequency band, the design
of the fine-distributed composite waveguide is critical in
the proposed AMM. In the current study, we theoretically
choose 200, 400, 700, and 1100 Hz as four target res-
onant frequencies, as shown in Fig. 3(b). From mode 5
in Fig. 3, the resonant frequency for the mid-air layer is
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(a) (b)

(c)

FIG. 4. Diagram of simulation and experiment results. (a) Schematics of the experimental setup for the double-load method, where
the specimen is clamped in the impedance tube. (b) 3D-printed sample structure schematic diagram made according to the theoretical
model shown in Fig. 1. Numbers 1, 2, 3, and 4 represent different composite waveguide units, which correspond to Fig. 1. (Here, the
coupling structure is designed as prescribed by the standard impedance tube for experiments. While following the presented design
strategy, it can be straightforwardly reshaped as a cube.) (c) Simulated (red line) and measured (blue asterisk) STL of the designed
structure.

1300 Hz. These five frequencies lead to the final broadband
absorption spectrum from 100 to 1600 Hz. Different unit
cells are deliberately designed to have a continuous band-
width. The resonant frequency of the composite waveguide
is mainly decided by the parameters given in Table I.

III. CONCLUSION

We theoretically and experimentally introduce an ana-
lytical model to design an acoustic metamuffler. The
acoustic-electrical analogy method is applied to the theo-
retical analysis, and the FEM results show good agreement
with the experimental measurements. We investigate an
alternative metastructure composed of a composite waveg-
uide and a microperforated plate. To illustrate the proposed
concept and underlying physical mechanism, we combine
theory and experiment to achieve a broadband metamuffler
operating at a low frequency of 100–1600 Hz, featur-
ing a deep-subwavelength thickness. We show that the
designed metastructure helps to enlarge the bandwidth

and strengthen the effectiveness of sound insulation in a
low-frequency regime.

ACKNOWLEDGMENTS

The authors acknowledge financial support provided by
the National Natural Science Foundation of China (Grant
No. 11874110).

[1] X. Yu, S.-K. Lau, L. Cheng, and F. Cui, A numerical inves-
tigation on the sound insulation of ventilation windows,
Appl. Acoust. 117, 113 (2017).

[2] S. A. Cummer, J. Christensen, and A. Alù, Controlling
sound with acoustic metamaterials, Nat. Rev. Mater. 1, 1
(2016).

[3] G. Ma and P. Sheng, Acoustic metamaterials: From local
resonances to broad horizons, Sci. Adv. 2, e1501595
(2016).

[4] B. Assouar, B. Liang, Y. Wu, Y. Li, and Y. Jing, Acoustic
metasurfaces, Nat. Rev. Mater. 3, 460 (2018).

064057-6

https://doi.org/10.1016/j.apacoust.2016.11.006
https://doi.org/10.1038/natrevmats.2016.1
https://doi.org/10.1126/sciadv.1501595
https://doi.org/10.1038/s41578-018-0061-4


BROADBAND LOW-FREQUENCY. . . PHYS. REV. APPLIED 16, 064057 (2021)

[5] Y. Li, B. Liang, Z. M. Gu, X. Y. Zou, and J. C. Cheng,
Reflected wavefront manipulation based on ultrathin planar
acoustic metasurfaces, Sci. Rep. 3, 2546 (2013).

[6] J. J. Zhao, B. W. Li, Z. N. Chen, and C. W. Qiu, Manipulat-
ing acoustic wavefront by inhomogeneous impedance and
steerable extraordinary reflection, Sci. Rep. 3, 2537 (2013).

[7] J. J. Zhao, B. W. Li, Z. N. Chen, and C. W. Qiu, Redi-
rection of sound waves using acoustic metasurface, Appl.
Phys. Lett. 103, 151604 (2013).

[8] Y. Li and B. Assouar, Acoustic metasurface-based perfect
absorber with deep subwavelength thickness, Appl. Phys.
Lett. 108, 204301 (2016).

[9] S. Huang, X. Fang, X. Wang, B. Assouar, Q. Cheng, and Y.
Li, Acoustic perfect absorbers via spiral metasurfaces with
embedded apertures, Appl. Phys. Lett. 113, 233501 (2018).

[10] K. Donda, Y. Zhu, S. W. Fan, and B. Assouar, Extreme low-
frequency ultrathin acoustic absorbing metasurface, Appl.
Phys. Lett. 115, 173506 (2019).

[11] X. Wu, K. Y. Au-Yeung, X. Li, R. C. Roberts, J. Tian,
C. Hu, Y. Huang, S. Wang, Z. Yang, and W. Wen,
High-efficiency ventilated metamaterial absorber at low
frequency, Appl. Phys. Lett. 112, 103505 (2018).

[12] L. J. Li, B. Zheng, L. M. Zhong, J. Yang, B. Liang, and J.
C. Cheng, Broadband compact acoustic absorber with high-
efficiency ventilation performance, Appl. Phys. Lett. 113,
103501 (2018).

[13] R. Ghaffarivardavagh, J. Mikolajczyk, S. Anderson, and X.
Zhang, Ultra-open acoustic metamaterial silencer based on
fano-like interference, Phys. Rev. B 99, 024302 (2019).

[14] S. Huang, Z. Zhou, D. Li, T. Liu, X. Wang, J. Zhu, and
Y. Li, Compact broadband acoustic sink with coherently
coupled weak resonances, Sci. Bull. 65, 373 (2020).

[15] Y. F. Zhu, K. Donda, S. W. Fan, L. Y. Cao, and B. Assouar,
Broadband ultra-thin acoustic metasurface absorber with
coiled structure, Appl. Phys. Express 12, 114002 (2019).

[16] Y. F. Zhu and B. Assouar, Nonlocal acoustic metasurface
for ultra-broadband sound absorption, Phys. Rev. B 103,
064102 (2021).

[17] R. Z. Dong, D. Mao, X. Wang, X. Wang, and Y. Li,
Ultra-Broadband Acoustic Ventilation Barriers via Hybrid-
Functional Metasurfaces, Phys. Rev. Appl. 15, 024044
(2021).

[18] H. L. Zhang, Y. F. Zhu, B. Liang, J. Yang, J. Yang, and J. C.
Cheng, Omnidirectional ventilated acoustic barrier, Appl.
Phys. Lett. 111, 203502 (2017).

[19] T. Lee, T. Nomura, E. M. Dede, and H. Iizuka, Ultra-
sparse Acoustic Absorbers Enabling Fluid Flow and
Visible-Light Controls, Phys. Rev. Appl. 11, 024022
(2019).

[20] M. Sun, X. S. Fang, D. X. Mao, X. Wang, and Y. Li, Broad-
band Acoustic Ventilation Barriers, Phys. Rev. Appl. 13,
044028 (2020).

[21] H. Zhang, Z. Wei, X. Zhang, L. Fan, J. M. Qu, and S. Y.
Zhang, Tunable acoustic filters assisted by coupling vibra-
tions of a flexible helmholtz resonator and a waveguide,
Appl. Phys. Lett. 110, 1315 (2017).

[22] D. Y. Maa, Potential of microperforated panel absorber, J.
Acoust. Soc. Am. 104, 2861 (1998).

[23] X. Yu, L. Cheng, and X. You, Hybrid silencers with micro-
perforated panels and internal partitions, J. Acoust. Soc.
Am. 137, 951 (2015).

[24] J. Kang and M. W. Brocklesby, Feasibility of applying
micro-perforated absorbers in acoustic window systems, J.
Appl. Acoust. 66, 669 (2005).

[25] M. Yang, S. Y. Chen, C. X. Fu, and P. Sheng, Opti-
mal sound-absorbing structures, Mater. Horiz. 4, 673
(2017).

[26] L. Kinsler, Fundamentals of Acoustics (Wiley, New York,
1982).

[27] J. Yang, J. S. Lee, H. R. Lee, Y. J. Kang, and Y. Y. Kim,
Slow-wave metamaterial open panels for efficient reduc-
tion of low-frequency sound transmission, Appl. Phys. Lett.
112, 091901 (2018).

[28] S. Kumar and H. P. Lee, Labyrinthine acoustic metastruc-
tures enabling broadband sound absorption and ventilation,
Appl. Phys. Lett. 116, 134103 (2020).

064057-7

https://doi.org/10.1038/srep02546
https://doi.org/10.1038/srep02537
https://doi.org/10.1063/1.4824758
https://doi.org/10.1063/1.4941338
https://doi.org/10.1063/1.5063289
https://doi.org/10.1063/1.5122704
https://doi.org/10.1063/1.5025114
https://doi.org/10.1063/1.5038184
https://doi.org/10.1103/PhysRevB.99.024302
https://doi.org/10.1016/j.scib.2019.11.008
https://doi.org/10.7567/1882-0786/ab494a
https://doi.org/10.1103/PhysRevB.103.064102
https://doi.org/10.1103/PhysRevApplied.15.024044
https://doi.org/10.1063/1.4993891
https://doi.org/10.1103/PhysRevApplied.11.024022
https://doi.org/10.1103/PhysRevApplied.13.044028
https://doi.org/10.1063/1.4982635
https://doi.org/10.1121/1.423870
https://doi.org/10.1121/1.4906148
https://doi.org/10.1016/j.apacoust.2004.06.011
https://doi.org/10.1039/C7MH00129K
https://doi.org/10.1063/1.5003455
https://doi.org/10.1063/5.0004520

	I. INTRODUCTION
	II. RESULTS
	A. The coupled silencing structure
	B. Theoretical model
	C. Numerical simulation and experimental demonstration

	III. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


