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We theoretically propose and experimentally realize two types of open window structures that exhibit an
unusual functionality of switchable omnidirectional acoustic insulation in two different ways. Both types of open
window structures consist of an array of blades that are attached with ultrathin metasurfaces on both sides. Based
on the acoustic manipulation ability of the metasurfaces, omnidirectional acoustic insulation can be realized
in the open windows. Interestingly, such an effect is switchable by simply changing the configuration of the
blade array. For the first type, omnidirectional acoustic insulation can be switched on or off by adjusting the
distance between two adjacent blades. For the second type in which the open window structure is composed
of an alternative arrangement of two types of blades, acoustic insulation can be controlled by moving one kind
of blade horizontally. The proposed open windows have the advantage of broadband omnidirectional acoustic
insulation and convenient switching mechanisms. Our work opens up a new approach for acoustic insulation in
open structures, with potential applications in a variety of fields, such as noise control and architectural acoustics.
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I. INTRODUCTION

Acoustic insulation and absorption have attracted great
attention from both the physics and engineering communities
owing to important practical applications, such as noise con-
trol and architectural acoustics. The recently emerging acous-
tic metamaterials (AMMs) [1–8] and acoustic metasurfaces
(AMs) [9–14] with unusual acoustic manipulation ability have
opened up a new way to design various acoustic insulation or
absorption structures.

The early proposed sound insulation structures, fabricated
by plate- or membrane-type AMMs [15–18], can reflect
incident sound energy, owing to anomalous dynamic mass
induced by the antiresonance of membrane structures. To
realize nonreflection sound insulation, absorptive structures
consisting of various local resonant units were proposed,
such as Helmholtz resonators [19–22], the metalayer of a gas
bubble [23], membrane resonators [24–26], Mie resonators
[27], coplanar chambers [28,29], labyrinthine metamaterials
[30,31], and gradient-index metasurfaces [32], in which sound
energy can be absorbed and dissipated. However, these afore-
mentioned structures are usually not open structures, which
would also hinder the exchange of many entities at both sides,
such as air, water, heat, and light, besides sound.

As an approach to design similar acoustic systems with
open structure, the coherent perfect absorber [33–35] was
adopted to absorb incident sound energy without blocking
other entities by introducing an additional coherent wave
with the same amplitude and opposite phase. Beyond that,
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the AM composed of artificial Mie resonators [36], acoustic
metacage structure [37], and acoustic metamaterial silencer
based on Fano-like interference [38] were also introduced to
design open structures with a sound insulation effect. Further-
more, by attaching ultrathin AMs on both sides of tunnels
and window blades, uni- or bidirectional acoustic insulation
was realized [39–41]. However, these structures were usually
designed with a single function without considering modula-
tion and flexibility. Recently, an open window structure with
dual functions of unidirectional and bidirectional insulation
for plane acoustic sources was realized [42]. However, the
switching between dual functions was obtained by rotating
window blades, which would inevitably lead to the reduction
of daylighting. Moreover, sound sources are generally in the
form of an omnidirectional point source in many important
practical scenarios. The design of the open window structures
with switchable omnidirectional acoustic insulation (SOAI) is
still a technical challenge.

In this work, we propose two types of open window struc-
tures to realize the SOAI effect. Both open window structures
consist of an array of blades that are attached with ultrathin
AMs on both sides. Omnidirectional acoustic insulation arises
from the acoustic manipulation ability of the AMs. In the first
type, we realize the SOAI effect by adjusting the distance be-
tween two adjacent blades. The second type of open window
is composed of an alternative arrangement of two types of
blades, in which the SOAI effect can be obtained by moving
one kind of blade horizontally. Moreover, we analyze the
physical mechanisms of the SOAI effect and experimentally
demonstrate the transmitted characteristics for the two types
of open windows. The experimental results agree well with
the simulation results.
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FIG. 1. (a) Schematic of a hooklike meta-atom. (b) Phase delay and reflectance of normally incident wave induced by the hooklike meta-
atom as a function of d with t = 3.0 and 9.0 mm at 3.5 kHz. (c) Theoretical continuous (blue line) and discrete (red open circles) phase delays
of the AM1 (shown in upper inset). The parameter d of 12 selected meta-atoms in the AM1 is 5.8, 9.0, 10.4, 11.2, 11.8, 12.3, 12.7, 13.1, 13.6,
14.0, 14.5, and 15.2 mm from left to right, and t = 3.0 mm.

II. BASIC UNIT AND PHASE MANIPULATION

A. Ultrathin hooklike meta-atom

As schematically shown in Fig. 1(a), we propose an ul-
trathin hooklike meta-atom made of epoxy resin, in which l
is the meta-atom length, b is the cavity depth, e is the wall
thickness, and t and d are the hook thickness and length,
respectively. The proposed meta-atom can reflect the incident
acoustic wave and delay its phase heavily. The reflected phase
delays can be manipulated by the parameters d and t , and the
parameters l and e are 20.0 and 1.5 mm, respectively, and the
total thickness (t + b) of the meta-atom remains a constant of
11.0 mm. In this work, we adopt the finite element method
(COMSOL MULTIPHYSICS software) to numerically simulate
the acoustic propagation characteristics of the designed open
windows. The material parameters are listed as follows: the
density ρ = 1180 kg/m3, the longitudinal wave velocity cl =
2720 m/s, and the transversal wave velocity ct = 1460 m/s
for epoxy resin; ρ = 1.21 kg/m3 and cl = 343 m/s for air.
Figure 1(b) shows the reflected phase delay and the reflectance
of the meta-atom with different values of d and t. It is found
that the reflectance is almost unity with different parameter d
for t = 3 and 9 mm. Meanwhile, the reflected phase delay for
the normal incident wave can cover almost the whole range
of 2π by adjusting the parameters t and d , and therefore we
can design an AM with any desired phase distribution based
on the result in Fig. 1(b). Figure 1(c) shows the theoretical
continuous and discrete phase delays for a designed AM
[denoted as AM1, as shown in the upper inset of Fig. 1(c)],
in which 12 selected meta-atoms with different parameter d
are adopted to realize discrete phase delays of the AM1 with
the phase gradient dϕ(x)/dx of 18.78 rad/m.

B. Acoustic phase manipulation based on AM1

The AM based on the proposed hooklike meta-atoms can
realize the manipulation of reflected phase delays for different
incident acoustic angles. As shown in Fig. 2(a), in the AM1,
the incident or reflected angle is defined as that between the
incident or reflected direction and the normal line (red dashed
line), and the signs + and − of the incident or reflected
angle correspond to the right and left propagation directions,

respectively. Thus, the incident angles I1, I2, I3, I4, and
I5 [shown in Fig. 2(a)] are 60°, 30°, 0°, −30°, and −60°,
respectively. Based on the generalized Snell law [43], the
reflected angle θr induced by AM is expressed as

θr = arcsin

(
sin θi + 1

k

dϕ(x)

dx

)
, (1)

where θi represents the incident angle, and k = 2π/λ is the
wave number in air. Here, according to Eq. (1), the maximum
reflected angle is 90°, and its corresponding incident angle is
defined as θc. So, we rewrite Eq. (1) as sinθc + dϕ(x)/kdx =
1, and obtain θc = 45◦ for AM1. Based on the critical angle
θc, the acoustic incidence can be divided into two types. When
the incident angle θi is larger than θc (light blue region), the
reflected angle θr cannot be obtained based on Eq. (1). As
an example, the distribution reflected pressure field induced
by AM1 for I1 (θi = 60◦) is shown in Fig. 2(b), and a white
open arrow represents the reflected direction. Note that the
reflected wave propagates to the left side with the reflected
angle of −90°, showing that I1 cannot reach the right side
of the AM1 and is reflected back directly. So the light blue
region is defined as an acoustic blind area (ABA), and the
range of the ABA1 is from θc to 90°. When the incident angle
is smaller than θc [yellow region in Fig. 2(a)], the theoretical
reflected angles can be obtained by using Eq. (1). Here, we
calculate the theoretical reflected angles for the incident waves
I2–I5 as 52.5°, 17°, −11.9°, and −35° based on Eq. (1). As
shown in Figs. 2(c)–2(f), the simulated reflected angles for
I2–I5 agree well with their theoretical results (white open
arrows), showing a high performance of phase manipulation
for the AM1. Besides, it is necessary to point out that the
thickness of the hooklike meta-atoms is only about 0.14λ (λ is
the wavelength), and therefore it can be used to design a blade
structure for an open window with special functions.

III. RESULTS AND DISCUSSIONS

A. Design of the first type of open window with SOAI effect

Figure 3(a) shows the first type of open window consisting
of seven blades attached with AM1 on both sides, in which the
parameter w is the distance between two adjacent blades, and
LI and RI refer to the left and right incidences of a cylindrical
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FIG. 2. (a) Schematic of the AM1. The incident angle θc corresponds to the maximum reflected angle of 90°. The light blue region is
defined as an ABA. The incident acoustic wave I1 is inside the ABA, and the incident acoustic waves I2, I3, I4, and I5 are outside the ABA.
Simulated distributions of reflected pressure field induced by the AM1 for the incident acoustic waves (b) I1, (c) I2, (d) I3, (e) I4, and (f) I5 in
(a) at 3.5 kHz. White open arrows in (b)–(f) represent theoretical reflected angles.

acoustic source, respectively. Figure 3(b) shows the simulated
transmittances of the open window for LI and RI with the
distance w from 6.0 to 13.0 cm. In the simulations, the
perfectly matched layers are utilized as the outside boundaries
of the model, and the cylindrical acoustic source is placed a
distance of 2.0 cm away from the open window for both LI
and RI cases. The transmittances are obtained by integrating
acoustic intensity with and without the open window in the
same transmitted region, which is shown in the Supplemental
Material [44]. It is found that, in the blue shaded region
(6.0 < w < 9.6 cm), the transmittances for both LI and RI are
below −10 dB, which indicates that the transmitted acoustic
energy is very weak. However, when w is larger than 10.3 cm
(red shaded region), the transmittances for both LI and RI are
larger than −5 dB, showing that the acoustic waves can pass
through the open window on both sides.

B. Performance of the first type of open windows

To further show its SOAI characteristic, we simulate the
transmittance spectra of the open window with the parameter

FIG. 3. (a) Schematic of the SOAI open window. (b) Simulated
transmittances for LI and RI as a function of w at 3.5 kHz.

w = 8.0 and 12.0 cm, which is shown in Figs. 4(a) and
4(b), respectively. For w = 8.0 cm [shown in Fig. 4(a)], the
transmittance spectra are almost the same for both LI and RI,
and keep lower than −10 dB in the range 2.30–4.20 kHz (blue
shaded region). Note that the fractional bandwidth (the ratio of
the bandwidth to the center frequency) of the omnidirectional
acoustic insulation can reach about 0.58. But for w = 12.0 cm
[Fig. 4(b)], the transmittances are larger than −5 dB in the
range 2.95–4.20 kHz for both LI and RI (red shaded region).
Therefore, the omnidirectional acoustic insulation of the open
window can be switched by adjusting the parameter w.

However, in Fig. 4(b), the transmittances are very low
in the range 2.30–2.95 kHz, which arises from a large
acoustic wavelength at the low-frequency region. Therefore,
by increasing w, the acoustic wave in this range can pass
through the open window. To demonstrate it, we simulate
the transmittance spectra for w = 15.0 cm, which is shown
in the Supplemental Material [44]. The result shows that the
transmittances for both LI and RI in the range 2.30–2.95 kHz
are larger than −7 dB, which demonstrates that the acoustic
wave at the low-frequency region can pass through the open
window with the larger value of w.

Figures 4(c) and 4(d) show the simulated distributions of
the pressure field through the open window with w = 8.0 cm
for LI and RI, respectively. It is obvious that the cylindrical
acoustic waves are insulated by the open window for both
cases, and the transmitted acoustic energy is very weak.
More importantly, the pressure distributions in each tunnel
of the open window for LI and RI are different, indicating
different acoustic insulation mechanisms for LI and RI, which
is discussed later. Additionally, the omnidirectional acoustic
insulation always exists when the cylindrical acoustic sources
A and B move along the lines I–IV [Figs. 4(c) and 4(d)], which
is shown in the Supplemental Material, Movies I–IV [44],
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FIG. 4. Simulated transmittance spectra of the open windows with the parameter w of (a) 8.0 cm and (b) 12.0 cm, and simulated
distributions of the pressure field induced by the open windows with w = 8.0 cm for (c) LI and (d) RI, and with w = 12.0 cm for (e) LI
and (f) RI at 3.5 kHz. White dots A and B in (c) and (d) represent the position of a cylindrical acoustic source for LI and RI.

respectively. It is further demonstrated that the acoustic insu-
lation for the open window is omnidirectional on both sides.
We also discuss the influences of the viscothermal loss on the
omnidirectional acoustic insulation of the open window for
LI and RI, which is shown in the Appendix. Furthermore, we
can switch the omnidirectional acoustic insulation by mechan-
ically adjusting the parameter w. As an example, the transmit-
ted acoustic waves for w = 12.0 cm are very obvious for both
LI and RI [shown in Figs. 4(e) and 4(f)], which indicates that
the open window has high SOAI performance without chang-
ing the structure of the AM1. The proposed SOAI window can
be applied to insulate noise produced by various machines in
machine rooms, such as water pumps and engines, and the
heat energy produced by these machines can freely transmit
into the external space through the open window. Moreover,
the working band of the SOAI window can be reduced around
1.0 kHz by improving the structure of the hooklike meta-atom,
which is shown in the Supplemental Material [44].

C. Mechanism of SOAI for the first type of open windows

To gain insight into the mechanism of SOAI, we further
discuss acoustic propagation paths in the tunnel of two open
windows with the parameters w1 and w2 (shown in Fig. 5),
respectively. The parameters w1 and w2 are selected in the
blue and red regions shown in Fig. 3(b). Owing to the omni-
directional incident angles (in the range from −90° to 90°) of
the cylindrical acoustic source, we only consider the incident
waves with critical angles for LI and RI to simplify the anal-
ysis. As shown in Fig. 5(a), the critical angle of the incident
wave I1 (red arrows) for RI is −90°. According to Eq. (1), the
reflected angle of I1 increases rapidly with the increase of the
reflection times between the upper and lower AM1. Therefore,
the reflected angle of I1 reaches zero or positive values before
I1 passes through the open window with the small value of w.
Meanwhile, the other incident wave for RI with the incident
angles from −90° to 0° cannot transmit through the open

window. For LI, the critical angle of the incident wave I2 (blue
arrows) is 0°. In this case, after several reflections between the
upper and lower AM1, the reflected angle of I2 is in the range
of the ABA1 [from 45°(θc1) to 90°], and thus I2 is reflected
back directly by the AM1. Based on this mechanism, the
incident waves for LI with other incident angles also cannot
pass through the open window. Therefore, we deduce that
the mechanisms of the omnidirectional acoustic insulation for
RI and LI are different, which agrees well with the pressure
distributions inside the tunnels in Figs. 4(c) and 4(d).

When the parameter w1 is increased to w2 [shown in
Fig. 5(b)], the propagation distance of each reflection in-
creases gradually, and thus the incident wave I3 for RI can
transmit through the window before its reflected angle in-
creases to zero or positive values. Furthermore, the incident
wave I4 for LI (blue arrows) can also transmit through the
open window before its reflected angle increases to that in the
range of ABA1. We deduce that the omnidirectional acous-
tic insulation of the open window arises from the multiple
reflections for RI and the ABA for LI, and the switch of
the omnidirectional acoustic insulation is attributed to the
increasing propagation distance of each reflection induced by
the increase of w.

D. Design of the second type of open windows with SOAI effect

In the first type, the SOAI effect is realized by adjusting the
distance w between the adjacent blades. However, in some
practical scenarios, the height of the open window is fixed,
and the distance w cannot be adjusted. To overcome this chal-
lenge, we propose a composite AM consisting of two short
metasurfaces (denoted as AM2 and AM3) to design another
type of open window by moving the horizontal position of
the window blades. Figure 6(a) shows the theoretical contin-
uous phase distribution (blue solid lines) of the composite
AM, in which the phase gradients dϕ(x)/dx of the AM2
(0 � x � 0.1 m) and AM3 (0.12 � x � 0.22 m) are 64.11
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FIG. 5. Schematic of acoustic propagation paths through the
open windows with (a) w1 and (b) w2 for LI and RI.

and 8.59 rad/m, respectively. The red open circles are the
discrete phase delays of six meta-atoms for AM2 and AM3.

Figure 6(b) shows the structures of blades A and B with
the composite AM attached on both sides, in which blade B
can be obtained by rotating blade A around the red dashed
line. Based on blades A and B, we design the second type of
open window [shown in Fig. 6(c)], in which the parameter w

is fixed and is selected as 10 cm, and the position of blade
A can be adjusted along the x direction. By moving blade
A with a distance of a, the structure of the open window is
displayed in Fig. 6(d). Note that, owing to the symmetry of
the open window structure, the simulated results for LI and RI
are the same. Thus, we only study the case for LI in the next
discussions.

E. Performance of the second type of open windows

Figure 7(a) shows the transmittances of the open window
as a function of the parameter a at 3.5 kHz. It is found that

FIG. 6. (a) Theoretical continuous (blue solid line) and discrete
(red open circles) phase distribution of the composite AM, which
consists of AM2 (blue shadow region) and AM3 (red shadow region).
The parameter d of six meta-atoms is 14.1, 16.7, 2.3, 11.0, 12.8, and
14.3 mm for AM2, and 13.6, 13.8, 14.0, 14.2, 14.4, and 14.7 mm
for AM3, in which t = 9.0 mm for third meta-atom of AM2, and
t = 3.0 mm for other meta-atoms. (b) Schematic of blades A and B
attached with the composite AM on both sides, and the open window
(c) before and (d) after moving blade A with a distance of a.

FIG. 7. (a) Simulated transmittances of the second type of open
window as a function of the moving distance a. (b) Simulated
transmittance spectra of the open window for a = 0 and 12.0 cm, and
simulated distributions of the pressure field through the open window
with (c) a = 0 cm and (d) a = 12.0 cm at 3.5 kHz. White dot O in
(d) represents the position of a cylindrical acoustic source.
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FIG. 8. Schematic of acoustic propagation paths through the
open windows with (a) a = 0 cm and (b) a = 12 cm.

the transmittances are larger than −5 dB with the parameter a
below 2.5 cm (red shaded region), indicating that the acoustic
wave can transmit through the open window freely. With the
increase of a, the transmittances decrease gradually, and are
lower than −10 dB in the range 8.0–16.0 cm (blue shaded
region). Here, we select a = 0 and 12.0 cm to design the
open window. Figure 7(b) shows the transmittance spectra
of the open window for a = 0 and 12.0 cm. In the range
3.4–3.6 kHz (black shaded region), the transmittances are
larger than −5 dB for a = 0, while those are lower than
−10 dB for a = 12.0 cm.

Moreover, we simulate the distributions of the pressure
field through the open window with a = 0 and 12.0 cm at
3.5 kHz. In the case of a = 0 [Fig. 7(c)], the transmitted
acoustic waves are obvious, which are mainly divided into two
symmetric beams about y = 0. This is because the reflected
paths of the transmitted acoustic wave are manipulated by
the same AMs in the upper and lower tunnels of the window,
which are symmetric about y = 0. However, for a = 12.0 cm
[Fig. 7(d)], most incident acoustic energy is insulated by the
open window, and the transmitted acoustic energy is very
weak. Here, we move the cylindrical acoustic source O along
the lines V–VIII [shown in Fig. 7(d)], and the corresponding
pressure field is shown in the Supplemental Material, Movies
V–VIII [44], respectively. The results show that the trans-
mitted acoustic energy is always very weak with different
incident positions along the lines V–VIII, which indicates that
the acoustic insulation for the second type of open window is
also omnidirectional, and can be switched simply by moving
the horizontal position of blade A.

F. Mechanism of SOAI for the second type of open windows

To discuss the mechanism of the SOAI of the open window,
we display the acoustic propagation paths in the tunnels with
a = 0 and 12.0 cm [shown in Figs. 8(a) and 8(b)], in which
ABA2 and ABA3 correspond to AM2 and AM3, respectively.
Based on the phase gradient dϕ(x)/dx of AM2 and AM3, we
calculate the critical angles of AM2 (θc2) and AM3 (θc3) as
0° and 60°, and thus the ranges of ABA2 and ABA3 are
0°–90° and 60°–90°, respectively. To simplify the analysis,
we select the incident wave with the critical angle of 90°.
For a = 0 [shown in Fig. 8(a)], the incident wave I1 from
the side of blade B (red arrows) in the upper tunnel is first
reflected by AM3. Based on Eq. (1), the reflected wave with
the angle of 60° impinges into AM3 on blade A, in which

FIG. 9. Experimental setup.

this angle is just at the boundary of ABA3. Based on this,
when the incident angle of I1 is below 90° (blue arrows), its
reflected angle is out the range of ABA3, and therefore the
acoustic wave is reflected by AM3 on blade A and transmits
through the open window with a positive reflected angle. Here,
owing to the structure symmetry, the transmitted wave from
the lower tunnel has a negative direction angle. Therefore,
the transmitted acoustic pressure field shows two symmetric
beams about y = 0 [shown in Fig. 7(c)]. But for a = 12.0 cm
[shown in Fig. 8(b)], AM2 is moved into the original position
of AM3. Owing to the larger range of ABA2, the reflected
angle of I2 is inevitably in the range of ABA2. Moreover, the
incident wave from the side of blade A cannot pass through the
open window owing to the existence of ABA2. Therefore, by
simply moving the horizontal position of blade A, we realize
the second type of the SOAI window without changing the
height of the open window.

IV. EXPERIMENTAL DEMONSTRATIONS

To experimentally demonstrate the SOAI, we measure the
transmittance spectra of the two types of open windows for
LI and RI. As shown in Fig. 9, the experimental setup is
placed into a planar waveguide composed of two parallel
plates (dimension 2 m × 2 m × 1 cm). Wedge-shaped sound-
absorbing foams placed at the boundaries of the planar waveg-
uide are used to realize an anechoic environment. To measure
transmitted acoustic energy conveniently, the sample is placed
in a narrow waveguide which is extended towards the right
to cover the scanning region. A balanced armature speaker
(Knowles, 7.2 × 9.5 × 4.1 mm3) is adopted as a cylindrical
acoustic source, which is located 2.0 cm away from the sample
and is driven by a power amplifier. A 0.25-in.-diam micro-
phone (Brüel & Kjær type 4961) is used to detect transmitted
acoustic signals in the scanning region. The width of the scan-
ning region in the y direction is the same as that of the waveg-
uide, and the length in the x direction is selected as 15 cm.
By using the PULSE LABSHOP software, we can retrieve pres-
sure amplitudes at each position in the scanning region, and
the distance between the left side of the scanning region and
the sample is 10 cm. The transmittances can be obtained
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FIG. 10. Photographs of the first type of samples with (a) w1 =
4 cm and (b) w2 = 6 cm. Inset at the left is the photograph of
a cylindrical acoustic source. Simulated (SI) and measured (ME)
transmittance spectra of the samples with (c) w1 = 4.0 cm and (d)
w2 = 6.0 cm for LI and RI.

by using T =
∫

A2
1ds∫

A2
2ds

, in which A1 and A2 are the measured
pressure amplitudes at each position in the scanning region
with and without the sample, respectively.

Figures 10(a) and 10(b) show the photographs of the first
type of samples, in which the sizes of both samples are half of
those in Figs. 4(a) and 4(b) owing to the size limitation of our
experiment platform. Figures 10(c) and 10(d) show the sim-
ulated and measured transmittance spectra for both samples.
It is found that, in the working bands [shaded region, twice
that in Figs. 4(a) and 4(b)], the measured results show the high
SOAI effect and agree well with the simulated ones. However,
there also exists a large difference between measured and
simulated results below 5.8 kHz, especially in Fig. 10(d),
which is attributed to the undesired scattering and imperfect
absorption of acoustic waves at the low-frequency range.

FIG. 11. Photographs of the second type of samples with (a) a =
0 cm and (b) a = 6 cm. (c) Simulated and measured transmittance
spectra of the samples with a = 0 and 6.0 cm.

As shown in Figs. 11(a) and 11(b), the second type of the
samples with a = 0 and 6.0 cm are also reduced by twice
that in Figs. 6(c) and 6(d). It is found that the measured
transmittance spectra also show a typical SOAI phenomenon
[shown in Fig. 11(c)], and agree well with the simulated re-
sults. The aforementioned results experimentally demonstrate
the feasibility of the two types of open window structures.

V. CONCLUSION

In conclusion, we have demonstrated two types of open
window structures with the SOAI effect numerically and
experimentally. Both types of open window structures are
composed of an array of blades that are attached with ultrathin
AMs on both sides. The omnidirectional sound insulation ef-
fect in both cases arises from the acoustic manipulation ability
of the ultrathin AMs. Our results show that, in the first type,
the fractional bandwidth of the omnidirectional insulation can
reach about 0.58 with w = 8 cm. By increasing the distance
w to 10.3 cm, the acoustic waves can transmit through the
open window. The second type of open window is composed
of an alternative arrangement of two types of blades, in which
the SOAI effect can be obtained by horizontally moving one
kind of blade. The measured results agree well the simulated
ones. The proposed two types of open windows show the
unusual features of broadband omnidirectional acoustic in-
sulation with switchable functionality, which may have great
potential in a variety of practical applications, such as noise
control, mechanical engineering, and architectural acoustics.
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FIG. 13. (a) Transmitted and (b) reflected intensity spectra induced by the open window with and without the viscothermal loss, and
(c) absorption coefficients of the open window with the viscothermal loss. The distance w between two adjacent blades is 8 cm.

APPENDIX: INFLUENCES OF THE VISCOTHERMAL
LOSS ON THE OMNIDIRECTIONAL ACOUSTIC

INSULATION OF THE OPEN WINDOW

To investigate the influences of the viscothermal loss on the
omnidirectional acoustic insulation, we simulate the transmit-
ted and reflected intensities induced by the first type of open
window with and without the viscothermal loss. As shown in
Fig. 12, two red dashed rectangles with the same size at the
left and right sides of the open window are set as integration
regions, in which the length L is 15 cm, and the height H is the
same as that of the window. The cylindrical acoustic source is
placed at a distance of 15.5 cm away from the window for
LI and RI. To obtain the reflected intensity, the background
pressure field for the cylindrical wave is adopted in the left
(right) region for LI (RI), and the reflected intensity can be
obtained by integrating acoustic intensity in the left (right)
region for LI (RI), while the transmitted intensity is calculated
by integrating acoustic intensity in the right (left) region for LI
(RI).

Figures 13(a) and 13(b) show the transmitted and reflected
intensity spectra induced by the open window with and with-
out the viscothermal loss for LI and RI, respectively. It is
found that, by introducing the viscothermal loss, the trans-
mitted intensity is lower than that without viscothermal loss

below 3.5 kHz for LI and RI [Fig. 13(a)]. Therefore, by intro-
ducing the viscothermal loss, the transmitted acoustic energy
becomes much weaker in the working band (black shaded
region), and the performance of the omnidirectional sound
insulation is improved owing to sound energy loss. Moreover,
as shown in Fig. 13(b), for LI, the reflected intensity with the
viscothermal loss (black solid line) is much smaller than that
without the viscothermal loss (red dashed line). But for RI, the
difference between the reflected intensities with and without
viscothermal loss is relatively small. This is because the sound
insulation for LI arises from the ABA [shown in Fig. 5(a)],
and thus the reflected acoustic energy propagates along the
AM [shown in Fig. 2(b)], leading to much stronger loss of
sound energy inside the hooklike meta-atoms. However, the
sound insulation for RI is attributed to multiple reflections
between the upper and lower AMs [shown in Fig. 5(a)], and
therefore the energy loss is relatively weak. Figure 13(c)
shows the absorption coefficients (α) of the open window
with the viscothermal loss for LI and RI. It is found that, in
the working band, the absorption coefficient for LI is much
larger than that for RI. The aforementioned results indicate
that, by introducing the viscothermal loss in the open window,
the performance of the omnidirectional sound insulation is
improved owing to sound energy loss, and the absorption
coefficient for LI is much larger than that for RI.
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