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Abstract
Noise reduction and other manipulation of sound waves has been a major concern in science
and engineering. Here, we propose a ventilated soundproof acoustic metamaterial consisting of
resonant cavities arranged around a central air passage. This metamaterial can accomplish
strong sound insulation performance. The transmission loss is larger than 30 dB within a wide
frequency range (625–1695 Hz) due to the prohibited band. More intriguingly, we discover that
rotating the opening, somewhat like an acoustic switch, can directly control the sound
transmission of the deaf band. This is particularly useful for opening a narrow but high
transmission window at the frequency of interest, which provides a new degree of freedom for
sound control. Through band structure analysis and effective parameter calculation, we discover
the sound insulation mechanism of the ventilated metamaterial and reveal the underlying
mechanism of the switchable narrow-band sound transmission. Beyond the 1D study, the
proposed acoustic metamaterial is expanded to a 3D soundproof metacage. We find that the
sound insulation performance and switchable sound transmission phenomena are still retained
for the metacage. The results reported here may inspire more exploration of sound barriers and
multifunctional applications, such as innovative building facades for noise reduction and logic
components for acoustic circuits.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Noise pollution is becoming more and more prevalent
nowadays and is having an adverse impact on our daily life
[1, 2]. Currently, the most popular technique for attenuating

∗
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airborne sound waves is to install sound barriers, such as
walls and micro-perforated panels [3–5], which either absorb
or reflect sound waves. Although this method can achieve
broadband noise reduction in the medium-to-high-frequency
range, due to the limitation of the mass law, heavy and thick
barriers are required to increase the sound transmission loss
(STL) or broaden the insulation band to the low-frequency
range. Alternatively, the use of acoustic elements, such as
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micro-perforated panels with back cavities [6], can also
somewhat enhance the sound insulation performance at low
frequencies. It is worth noting that these structures hardly
allow any airflow through them. However, for air ventila-
tion and heat transfer requirements, which frequently occur
in practical applications, a certain amount of airflow has to
be allowed. In these circumstances, the applicability of the
above structures is undoubtedly very limited. Therefore, there
is an urgent need for ventilated sound barriers suitable for low-
frequency and broadband applications.

In recent decades, acoustic metamaterial science has
fuelled intense interest in noise and vibration engineering,
offering a wealth of new designs and insights. In particular,
the local resonance mechanism has revolutionized the manip-
ulation of low-frequency waves, producing effective solu-
tions in the fields of noise and vibration reduction [7–10]. It
has been particularly successful in reducing sample sizes to
deep subwavelength scales [11]; typical examples include, but
are not limited to Helmholtz resonators [12–15], labyrinth-
type resonators [16–18] and mass-decorated membrane/plate
resonators [19–22]. The local resonance essentially increases
the scattering and trapping of sound waves and therefore
enhances the reflection and absorption effects, which is favor-
able for sound insulation and absorption applications. Despite
the tremendous accomplishments, most of these schemes have
the drawback of airflow blockage, which will cause problems
in some specific scenarios that require natural ventilation or
heat convection. It may seem counterintuitive to reduce noise
without obstructing airflow. Therefore, early research on vent-
ilation and noise reduction was very limited in a few indus-
tries, for instance, building, where monotonous facade sys-
tems such as double-leaf facades and louvers were designed
[23, 24]. Some recent developments provide a new perspective
on the capacity of ventilated metamaterial for unconventional
wave control. Various ventilated acoustic systems have been
designed based on the unconventional reflection/absorption
mechanism of metamaterial and the theory of duct acous-
tics. These systems typically involve assembling Helmholtz
resonators or labyrinth structures on the ventilation ducts
[25–28], as well as some special structures, such as micro-
porous cylindrical shells [29] and ultra-sparse metasurfaces
made ofMie resonators [30]. For these systems, amain charac-
teristic is that they have elaborately designed sub-wavelength
structures allowing airflow to pass through, but they exhibit
very strong blocking of sound waves at certain frequencies.
Every coin has two sides: the sound insulation performance
of metamaterial is indeed improved, but is at the cost of
structural complexity and heaviness, which is undesirable in
engineering. In addition, they are designed for a single func-
tionality, achieving either extremely high ventilation ratio or
low-frequency sound insulation, but still suffer from weak-
nesses such as low STL, narrow bandwidth and relatively
simple functionality.

Expanding multifunctional applications is a never-ending
goal in noise control engineering that is just as signific-
ant as reducing structural complexity and broadening sound

insulation bands. The sub-wavelength structural details of
acoustic metamaterial can provide some unconventional prop-
erties not present in natural material, improving its ability to
control sound waves. Special phenomena that have the poten-
tial for multifunctional applications have been demonstrated,
including wavefront modulation [31], sub-diffraction imaging
[32] and acoustic cloaking [33]. Zhu [34] designed an acoustic
switch with the so-called superfluid phononic crystal that con-
sists of a fluid matrix and fluid-like inclusions with extreme
material properties. By rotating the crystal, the band structure
can be tuned to obtain an absolute band gap. Babaee et al
[35] proposed a system comprising an array of elastomeric
helices in air and found that its band gap can be suppressed, by
stretching the helices, allowing sound to propagate. Ge et al
[36] designed a metasurface consisting of a series of hook-
like meta-atoms whose sound insulation can be switched ‘on’
or ‘off’ by adjusting the distance between the two adjacent
metasurfaces. However, all these works are limited to spe-
cial functionalities, not combined with functionalities gener-
ally required in life, such as noise reduction and ventilation.

In this study, a well-designed sound barrier that has a rel-
atively simple ventilated structure but achieves strong and
broadband sound insulation is reported. We investigate how
the ventilation opening affects the sound transmission of the
structure and discover that a high transmission window can be
opened in the sound insulation band by changing the inclina-
tion angle of the opening. To the best of our knowledge, the
targeting of multifunctional sound control has not been repor-
ted elsewhere. We show that its physical mechanism is related
to the so-called ‘deaf band’ that can be excited or not by modi-
fying the ventilation openings. By changing the geometry of
the opening, we can tune the bandwidth of the transmission
window. Finally, a ventilated metacage composed of the afore-
mentioned structures is designed that demonstrates the effect-
iveness of sound insulation and switching functionalities even
under 3D conditions. Beyond noise control, the results repor-
ted may open new avenues for some fascinating multifunc-
tional applications, such as logic components for acoustic cir-
cuits and innovative ventilated building facades.

2. Results and discussion

2.1. Broadband sound insulation

Figures 1(a) and (b) show a sound insulation metamaterial
of ventilation holes, which is composed of a number of peri-
odically arranged resonant cavities in series. Each unit has a
star-shaped opening in the middle to facilitate free airflow,
and the same geometry of side length L and depth d. The
star-shaped opening is bordered by four elliptic curves whose
major and minor semi-axis lengths are a= 62 mm and b=
31 mm, respectively. Meanwhile, the sharp corners are roun-
ded with a radius of 0.5 mm. The inclination angle between the
long axis of the opening and the horizontal line is θ, which will
be discussed in detail later. As shown in figure 1(c), numer-
ical results demonstrate that the designed structure enables
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Figure 1. Ventilated metamaterial for broadband sound insulation under normal incidence. Schematic diagram of the sample shown in the
(a) section view and (b) front view. (c) Retrieved effective bulk modulus Keff/K0 and STL of the metamaterial when the inclination angle
θ = 0◦. Cyan background color borders the sound insulation region, while the dashed horizontal line indicates the critical point of zero
effective bulk modulus. Parameters of the sample are defined as follows: total thickness D= 105 mm, cavity thickness d= 20 mm and side
length L= 200 mm.

a 30 dB noise reduction in a wide frequency range from
625–1695 Hz.

To uncover the sound insulation mechanism, we first ana-
lyze it from the perspective of effective parameters. If an
isotropic and homogeneous material can exhibit the same
acoustic response as a metamaterial with deep subwavelength
structures, it is reasonable to consider the two to be equivalent,
i.e. having same material parameters [37]. With this assump-
tion, the effective parameters of the acoustic metamaterial can
be obtained by a standard retrieval method and the normalized
impedance ξ and effective refractive index neff of the material
can be calculated as [37],

ξ =
r

1− 2R+R2 −T 2
, neff =

−i logx+ 2πm
kd

, (1)

where

r=∓
√
(R2 −T 2 − 1)2 − 4T 2, x=

1−R2 +T 2 + r
2T

. (2)

The sign of r is determined based on the positive acoustic
resistance of the passive acoustic metamaterial. The branch-
ing number m is assumed to be zero, which corresponds to the
minimum thickness of the metamaterial. R and T denote the
reflection and transmission coefficients, respectively. The rela-
tionship between effective bulk modulus Keff, effective dens-
ity ρeff, effective refractive index neff and effective acoustic
impedance Zeff is defined as follows:

Zeff =
ωρeff
KZ

, n2eff =
ρeffK0

ρ0Keff
, (3)

where ω is the angular frequency, and K0 and ρ0 are the modu-
lus and density of air, respectively. Moreover, we have quantit-
ies KZ2 = (ω/c)2neff2 and ξ = Zeff/ρ0cwith c being the sound
velocity in air. The normalized effective density and bulk mod-
ulus can be easily obtained:

ρeff
ρ0

= ξ neff,
Keff

K0
=

ξ

neff
. (4)

The reflection coefficient, transmission coefficient and STL
(STL= 10log10 |Pin/Pt|) are calculated in the Pressure Acous-
tics module of the commercial finite element software COM-
SOL Multiphysics. By simulating impedance tubes, plane
waves are incident normal to the front surface of the metama-
terial. Both ends are covered with perfectly matched layers to
avoid interference of reflected waves. Due to the large imped-
ance mismatch, the vibroacoustic coupling between thin walls
and acoustic waves can be neglected. The visco-thermal effect
is not considered here because of the relatively large geo-
metric scales of the cavity and duct. The calculated effective
bulk modulus and STL are plotted in figure 1(c), which shows
a very strong sound insulation performance with the highest
STL up to 90 dB in a broad frequency range from 625–1695Hz
where negative bulk modulus appears. The negative bulk mod-
ulus gives rise to an imaginary phase velocity so that no travel-
ing waves can pass through the metamaterial. The broadband
sound insulation is essentially caused by the local resonance
of the resonators, on the one hand, and the interaction of peri-
odically arranged scatterers, on the other hand, i.e. the locally
resonant band gaps and Bragg band gaps. Additional layers
can be cascaded in the direction of the wave propagation to fur-
ther enhance the sound attenuation, but this will increase the
sample size. Therefore, we have selected four layers, which is
enough to obtain broadband strong sound insulation without
making too large-sized structures.

2.2. Switchable sound transmission

Beyond broadband sound insulation, by changing the inclin-
ation angle of the opening, the proposed metamaterial can
also achieve more intriguing functionality, such as switchable
sound transmission. As shown in figure 2, an interesting phe-
nomenon occurs when the opening is rotated 45◦.What clearly
stands out is a high transmission window between 1210 and
1225 Hz, appearing in the low-transmission sound insulation
band. Beyond that, the main features within the sound insu-
lation region remain the same, which suggests that the effect-
ive bulk modulus of the metamaterial remains negative. We
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Figure 2. Ventilated metamaterial for switchable sound transmission. Calculated band diagram and STL spectrum when (a) θ = 0◦ and
(b) θ = 45◦, where the cyan-shaded background indicates the sound insulation region. Red stars indicate the eigenmodes illustrated in
figure 3. Insets illustrate the unit cells used for the band diagram computation.

Figure 3. Comparison between the eigenmodes and the excited sound fields. (a), (c) Acoustic eigenmodes and the calculated sound
pressure fields for the ventilated metamaterial with θ = 0◦. From left to right, the frequency changes as marked in figure 2(a). Likewise,
(b) and (d) show the results for the other metamaterial with θ = 45◦.

calculate the band diagrams to reveal their transmission prop-
erties. The range of the main sound insulation region and
the interval between the first five bands are almost perfectly
matched, but there are three flat bands appearing in this
apparent stopband. Meanwhile, we observe a slight difference
between the fourth bands of the two band diagrams shown in
figures 2(a) and (b). The one in the left panel is flat, while the
other on the right is more disperse. The STL spectrum implies

that the three flat bands in figure 2(a) are deaf bands that can-
not be excited by the incoming plane waves, while the fourth
band in figure 2(b) can be excited by changing the inclination
angle of the openings.

In order to have a better understanding, a comparison
between the eigenmodes and the excited sound fields is
displayed in figure 3 for the two metamaterials previously
studied. The sound pressure fields are calculated exactly at
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their corresponding eigenfrequencies as marked in figure 2.
For the eigenmodes, we see that the monopole, dipole-I and
dipole-II modes change with the rotation of the opening, while
the quadrupole mode does not. In the first band, the sound
pressure fields match well with their eigenmodes, which also
happens in the fourth band when θ = 45◦, but does not for
the other scenarios. The obvious discrepancy indicates that
some eigenmodes in the flat bands are not excited by the plane
waves. As a result, these bands, which ought to be passbands
send up deaf bands instead. This is due to the fact that sound
waves can only enter from the opening and spread all the way
inside the cavity when the plane wave reaches the structure
surface. Therefore, the eigenmodes whose openings do not
have plane wavefronts cannot be excited. With this in mind,
it is impossible to satisfy the requirement of opposite phases
on both sides of the opening of the dipole modes because of the
phase mismatch. For the fourth band, it can be explained that
when θ = 45◦ the wavefront formed in the cavity matches the
quadrupole mode exactly, the incident wave can couple with
the mode at this time, making it a passband. In contrast, the
excitation condition of the quadrupole mode is not satisfied
when the opening is positioned at θ = 0◦, giving rise to a deaf
band. In short, the results show how the excitation conditions
of the eigenmodes can be controlled by the inclination angle
of the opening, making the soundproof metamaterial act as a
sound switch simultaneously.

2.3. Parametric study on switchable transmission

In figure 4, we reveal the evolution process of the transmission
window opened at 1220 Hz. More specifically, it is found that
the high transmission window is not opened immediately at
θ = 45◦ but rather develops gradually with the increase in θ to
the maximum state at θ = 45◦. This evolution process compre-
hensively reflects how the coupling strength between the incid-
ent wave and the mode changes from weak to strong. When θ
is very small, for example, a few degrees, the coupling to the
quadrupole mode is very weak, which means that the quad-
rupole mode is hardly stimulated so that the transmitted wave
is too weak to be observed. In contrast, the passband effect is
clearly observed at θ = 45◦ because the wave front matches
well with the quadrupole mode at this time, resulting in the
strongest coupling between the incident wave and the quadru-
pole mode.

In figure 5, we investigate the influence of the geometry of
the opening on the STL. The minor semi-axis length is main-
tained as b= 31 mm, after which we modify the aspect ratio
a/b of the ventilation opening. It is shown that the passband
widens as the aspect ratio increases. The reason still lies in
the fact that the coupling strength between the eigenmodes
and the incident plane waves is different. The larger the aspect
ratio, the stronger the coupling. To put it another way, sound
waves will propagate to the positive phase regionmore quickly
than to the negative phase region if the opening is longer
and narrower, which will result in greater phase difference
and stronger coupling with the quadrupole mode. As a res-
ult, the quadrupole mode can be excited more easily, leading

Figure 4. Evolution process of the high-transmission window at
1220 Hz. From top to bottom, the inclination angle θ varies from
0, 11.25◦, 22.5◦, 33.75◦ to 45◦ accordingly.

to high sound transmission. Another phenomenon that can be
seen from figure 5 is that the rise frequency of the structure
moves to a high frequency as the aspect ratio increases. This is
understandable if we note that as the opening area grows with
the aspect ratio, more sound waves can propagate through the
metamaterial at low frequencies.

In order to further explore the influence of opening shapes
on the sound transmission, we consider three ventilation open-
ings of different shapes (ellipse, rhombus and star) while
maintaining the same opening area. The star-shaped open-
ing has parameters a/b= 2 and θ = 45◦, and all other para-
meters are the same as stated in the caption of figure 1.
Although some slight differences are noted, figure 6 illustrates
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Figure 5. Influence of the aspect ratio a/b of the star-shaped opening on the STL when the inclination angle θ = 45◦.

Figure 6. Influence of the geometric shape of the openings on the sound transmission loss.

that the overall sound insulation performance is insensitive
to the shape of the openings. However, the geometric shape
does affect the transmission windows at 1220 Hz; the star-
shaped opening has the highest transmission, followed by the
rhombus, and the ellipse is the lowest. As before, the plane
wave at the star-shaped opening is more likely to excite the
quadrupole mode than the ellipse- and the rhombus-shaped
openings. It is worth noting that any ventilation openings of
biaxial symmetry have the ability to open the transmission
window.

Finally, we design a metacage to demonstrate the acoustic
behavior of the 3D structure formed by the aforementioned
metamaterial. Figure 7(a) displays a 3D schematic diagram
of the computation model. The calculation is implemented
in the pressure acoustics module of COMSOL Multiphysics.
The 3D acoustic metacage is a cuboid whose six faces are
made of the ventilated metamaterial previously studied. Only
one unit-cell is used in each facet to save the computational

cost, and the faces are connected to each other by rounded
corners. Perfectly matched layers are placed around the entire
model (parts of the perfectly matched layers are hidden to
clearly show the 3Dmetacage) to reduce unwanted reflections.
A loudspeaker that emits spherical waves is placed 500 mm
in front of the metacage, and the measurement point is loc-
ated at the center of the metacage. We calculate the sound
pressure levels at the measurement points for two scenarios
with and without the metacage, and then measure their differ-
ence, i.e. ∆SPL = SPLwithout −SPLmetacage, to characterize the
sound insulation performance of the 3D metacage. The cal-
culated results presented in figure 7(b) demonstrate that, even
under 3D conditions, this metacage is still capable of insulat-
ing noise, with a noise reduction of more than 60 dB in the
frequency range from 650–1410 Hz. It is no surprise to see a
negative value of ∆SPL around 1800 Hz that corresponds to
a local enhancement of the acoustic energy outside the band
gap. On the other hand, it is worth noting that the phenomenon
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Figure 7. 3D soundproof metacage: (a) schematic diagram of the 3D computation model and (b) the calculated results for sound insulation.
Black and red lines represent the cases when θ = 0◦ and θ = 45◦, respectively.

of the transmission window can still be observed by changing
the inclination angle of the opening. This is because the wave
striking the metacage can be approximated as a plane wave
and thus can couple with the eigenmodes in the fourth band.

3. Conclusion

In this paper, we have designed a kind of ventilated metama-
terial for broadband sound insulation and switchable transmis-
sion. The metamaterial unit cell consists of an open duct of a
resonant cavity. A soundproof system is created by connecting
multiple cells in series, with the aim of simultaneously offering
ventilation and sound insulation within a specified frequency
range. Meanwhile, by changing the inclination angle of the
ventilation opening, a straightforward method is proposed to
achieve additional functionality of switchable sound transmis-
sion. A standard retrieval method has been used to analyze
the properties of the metamaterial, revealing a negative mater-
ial property in its effective bulk modulus. The existence of
the deaf band in the sound insulation band is proved through
band structure and modal analysis. We show how to convert
the deaf band to a passband by adjusting the inclination angle
of the opening, which provides a new degree of freedom for
sound wave control. Finally, we design a 3D metacage and
demonstrate that it still maintains broadband and high sound
insulation performance in 3D space. Moreover, the switchable
sound transmission phenomenon is still retained. The results
here reported may inspire some intriguing applications, such
as signal filtering, acoustic communication, acoustic circuits
and innovative building facades for multifunctional sound
control.
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