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Ventilation barriers allowing simultaneous sound blocking and free airflow passage are a great chal-
lenge but are necessary for particular scenarios calling for soundproofing ventilation. Previous studies
using local resonance or Fano-like interference consider a narrow working range around the resonant or
destructive-interference frequency. Efforts made with regard to broadband designs show a limited band-
width typically smaller than half an octave. Here we conceptually propose an ultrabroadband ventilation
barrier via hybridization of dissipation and interference. Confirmed by experiments, our hybrid-functional
metasurface, empowered by its synergistic effect, significantly expands the range of the operating frequen-
cies, enabling an effective blocking of more than 90% of incident energy in the range from 650 to 2000 Hz,
while its structural thickness is only 53 mm (approximately A/10). Our design showcases the great flex-
ibility of customizing the broadband and is capable of tackling sound coming from various directions,
which has potential in air-permeable yet soundproofing applications.
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I. INTRODUCTION

In acoustic engineering, there remains a significant chal-
lenge for simultaneous soundproofing and free flow pas-
sage. For example, from the perspective of green buildings,
it is encouraged to open windows for natural ventila-
tion. However, the inevitably accompanying ‘invasive’’
noise is usually annoying. Acoustic barriers such as closed
windows impede airflow, while conventional ventilation
barriers with winding airflow paths with absorptive lin-
ings bring about a large pressure drop and hence cannot
maintain a free flow of air [1-3]. Acoustic metasurfaces,
as a research area that has attracted increasing atten-
tion, have showcased their unparalleled capabilities in
tailoring the wave-matter interaction and created unprece-
dented opportunities in sound-field manipulation at the
deep-subwavelength level, exemplified by subwavelength
focusing or imaging [4,5], one-way sound transporta-
tion [6,7], anomalous refraction and reflection [8—19],
and compact absorbers [20—24]. In light of its excep-
tional success, an acoustic metasurface offers an efficient
means to design air-permeable barriers, spawning hollow-
carved-board designs consisting of periodically arranged
hollow units to ensure sufficient air circulation. By lever-
aging local resonances [25-30] (Helmholtz resonators,
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membranes, quarter-wavelength tubes, etc.) or Fano-like
interferences [31-33], they break the limitations of regulat-
ing large-scale waves at subwavelength scales and enable
sound impedance in such an unprecedented open way.
Despite this, the underlying working mechanism implies
that they serve narrow working-frequency ranges around
the resonant or destructive-interference frequencies. Ini-
tial efforts to broaden the working frequency range showed
either a limited bandwidth [29] or a largely degraded air-
flow passage [34]. It was shown recently that by coupling
multiple lossy resonators, a ventilation barrier can achieve
broadband absorption at low frequencies [35,36]. Besides,
a barrier made from hollow helical units offers consis-
tent quasi-Fano-like interference and hence a broadband
insulation in the mid-high frequency range [37]. Although
these designs [35,37] show remarkable progress in dealing
with the broadband issue, the bandwidths are still limited,
and are usually smaller than half an octave if evaluated
by the measure of blocking more than 90% of incident
energy [30].

Considering that noise usually covers a wide spectrum,
designing an ultrabroadband ventilation barrier is still
being pursued. Here, by harnessing the hybridization of
dissipation and interference, we conceptually propose and
experimentally demonstrate a ventilation barrier capable
of exceptionally broadband sound blocking. The designed
metaunit is a hollowed-out cylinder, akin to the profile in
our previous work [37], with almost the same outer and
inner diameters as well as total thickness. However, in
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contrast to the design in Ref. [37], which relies entirely
on interference, here dissipation is induced by coupled
lossy chambers, which effectively lowers the operating
range. Together with other coupled reactance chambers,
a hybrid-functional open metasurface is achieved in this
work. Empowered by the synergistic effect, the scope of
its working frequencies is significantly expanded. Such a
barrier effectively blocks more than 90% of incident sound
energy in the range from 628 to 1400 Hz coming from
various directions, while the structural thickness is only
53 mm (approximately A/10). By adding circumferential
partitions to the metaunit, we further achieve an expanded
bandwidth (90% sound-energy insulation in the range from
650 to 2000 Hz). Our design suggests an efficient approach
toward noise-control engineering in flowing-fluid-filled
situations.

II. RESULTS AND DISCUSSION

A. The ventilation barrier for broadband sound
blocking

Figure 1(a) shows a conceptual view of the designed
ventilation barrier, of which the building block is a
hollowed-out cylinder with eight stacked functional layers,
as schematically illustrated in Fig. 1(b). For clarity, the first
layer is detached to show the details of its inner structure.
Each layer is split into two resonant chambers, with the
same opening areas but different chamber lengths, which
are separated by a deflected blade. To leverage the coher-
ent coupling for the broadband issue [24], the openings of

the resonant chambers are adjacent to each other (opening
area of the resonant chambers S,). The geometries of the
eight layers are the same, except that the deflected angles
are gradually shifted (angle of the first-layer partition v,
angle shift from layer to layer 6), resulting in the whole
structure being composed of 16 elaborately detuned reso-
nant chambers. As shown in the following, these resonant
chambers are conceived explicitly so that each makes its
own contribution (highly efficient dissipation or interfer-
ence), and they collectively provide a remarkable sound
blocking over a wide frequency range, while the whole
structure features a subwavelength thickness. The detailed
geometry of the design metaunit is illustrated in Fig. 1(b),
involving outer diameter D, inner diameter d, and thick-
ness of the unit chamber /. The thickness of the inner and
outer cylindrical shells, the top and bottom plates, and the
partition blades is b. The overall thickness of the metaunit
is H (H = 8h + 9b).

B. The effective model of the ventilation barrier

The acoustic performance of the proposed metaunit can
be characterized by its transfer matrix Ty, which relates
the state vectors of the sound fields at the input and out-
put parts across the metaunit, as {p, v}l = To{p,v}l,.
The overall performance of the metaunit is attributed to
both the cross-section changes at the input and output
interfaces and the 16 side-branched resonant chambers.
Moreover, although the resonant chambers are stacked
layer by layer [the center height of the resonant chamber
ny shown in Fig. 1(b) can be written as z, = (9 — n)b +
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(a) Conceptual view of the broadband ventilation barrier consisting of periodically arranged metaunits. (b) The designed

metaunit is composed of eight layers. Each layer is split into two resonant chambers by a deflected blade (the first layer is removed to
show the inner details). Here the cylindrical metaunit is designed as prescribed by the standard impedance tube for experiments. With
the presented design strategy being followed, it can be straightforwardly reshaped as a cube and then periodically arranged to form
a barrier. (c) Experimental setup, where the specimen is clamped in the impedance tube. (d) Theoretical (red line), simulated (black
dashed line), and measured (blue dots) acoustic power transmission of the designed metaunit with D = 100 mm, d = 44 mm, h =
5.5mm,b = 1 mm, H = 53mm, ¢ = 142.5°,0 = 5°,and S, = 63.4 mm?. The inset shows an enlarged view of a three-dimensionally-
printed specimen of the designed metaunit (right) and its inner structure (left).
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(8.5—n)h, n=1,2,...,8], owing to the subwavelength
nature of the metaunit (so the separation of these chambers
is on a deep-subwavelength scale), one can further assume
that all these resonant chambers share the same loca-
tion at the half-height of the metaunit (i.e., z, = H/2,n =
1,2,...,8). Therefore, the transfer matrix Ty can be writ-
ten as To = T, T,T,. Hypothetically, this is equivalent
to a rigid-walled shrunken-cross-section tube (height H),
with all these resonant chambers now mounted around its
bisecting plane. Here the matrix T, (T,) describes the con-
tribution of cross-section mutation of the first (last) half the
changeable-cross-section tube, which is given by

J sinkoL./¢o ) ()

cos koL,

_ cos koL,
Ty () = ( JdosinkoLe

where ky is the wave number of acoustic waves in air, ¢
denotes the ratio of the open area in the metaunit (¢ =
d*/D?), and L. = 0.5H + AH is the effective length of
the first or latter half the changeable-cross-section tube
taking into account the end correction AH. Here the end
correction can be set as AH = 0.425d (1 — 1.25\/¢) by
considering the radiation impedance due to the change in
cross section in the process of sound propagation [22]. The
matrix T, represents the contribution from the ensemble
of the 16 resonant chambers. Such an aggregate supports
a strong coherent coupling effect, so it can be treated as
an overall coupled system whose acoustic impedance can
be calculated as follows. First, one can define the acous-
tic impedance of each individual resonant chamber with
reference to the overall coupled system by replacing all
other resonant chambers with hard walls. In this way, the
acoustic impedance of the resonant chamber n, with ref-
erence to the overall coupled system can be expressed
as Z,, = —j pecccotk.L,, /Epc [24], where k., p., and c,
are the wave number, air density, and sound speed in the
resonant chambers, respectively. Because of the intrinsic
loss induced by viscous and thermal boundary layers in
these narrow chambers, these parameters (k, o.,c.) are
now complex. L, and L,_ are the effective lengths of the
resonant chambers n, and n_, and £ is the ratio of the
cross-section area of the resonant chamber to its opening
area. Then we can obtain the overall acoustic impedance
of these 16 resonant chambers as

Z, = h (1 L] =1,2,...,8). (2
“_[Zﬁ<zn++zn_>] n=12,...,8). (2)

Equation (2) gives the impedance of the 16 coherently
coupled resonant chambers. By further considering the
cross-section area of the changeable-cross-section tube
S and the total opening area of all resonant chambers
S, (S, = 168,), we can express T, as

10
To = ( S./SZ, 1 ) 3)

On the basis of Egs. (1) and (3), the transfer matrix T for
the designed metaunit is finally derived. Then the power
transmission t of the metaunit can be straightforwardly
predicted by the formula

T =/t + tia + ta1 + tn])?, “4)

where #; (i,j = 1,2) represents the elements of the matrix
Ty.

C. Numerical simulations and experimental
demonstration of the ventilation barrier

The designed metaunit is numerically simulated by our
using the pressure acoustic module of cOMSOL Multi-
physics, in which a frequency-domain study is performed
to calculate the sound transmission through the metaunit.
To estimate its low-frequency behavior under plane-wave
incidence, the designed metaunit is placed in a cylindrical
waveguide, and both the waveguide wall and the metaunits
are considered acoustically rigid. Both ends of the waveg-
uide are set as plane-wave radiation boundaries, while the
incident wave is excited at only one side. To take the
losses arising from the viscous and thermal dissipation into
consideration, the narrow-region acoustics model is used
in these resonant chambers.

The experiment is performed to verify the designed
metaunit. The transfer-matrix method is adopted to mea-
sure the power transmission of the metaunit by use of a
Sinus type-1401 impedance tube, where the sample is fixed
firmly with clamps in the impedance tube. The experimen-
tal setup, which is consistent with that adopted in numeri-
cal modeling, is schematically illustrated in Fig. 1(c). The
sample of the metaunit made of photosensitive resin via
three-dimensional (3D) printing is shown in the inset in
Fig. 1(d).

Figure 1(d) shows the power transmission of the metau-
nit. The theoretical prediction shows excellent agreement
with numerical and experimental results, demonstrating
the effectiveness of our design. Such a ventilation bar-
rier blocks more than 90% of incident sound energy, that
is, 10 dB in transmission loss (transmission loss 7; =
—10log ), in the range from 628 to 1400 Hz (experi-
mental data). Note that the designed metaunit has a pro-
file very similar to the design in previous work [37].
Both are hollowed-out-cylinder designs with almost the
same outer and inner diameters as well as total thickness.
However, the capability of the current design (metaunit
T > 10 dB in the range from 628 to 1400 Hz) is subst-
antially superior to that of its counterpart (7, > 10dB in
the range of approximately 900 to 1400 Hz). More specif-
ically, harnessing the power of dissipation in combination
with interference remarkably lowers the onset frequency in
the current design.
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(a) Numerically calculated absorption (red line) and reflection (black line) and measured absorption (red circle) and reflection

(black circle) of the metaunit. The dashed gray lines refer to three representative frequencies, where the performance of the metaunit
is dominated by absorption (628 Hz), absorption and interference (824 Hz), and interference (1100 Hz). (b) Axial-plane view of the
simulated sound-field distributions at the three marked frequencies. The colors illustrate the power-dissipation density, and the arrows
represent the energy-flow distribution. (c) Radial-plane view of the specific layers where the “active” resonators are located. The color
illustrates the acoustic pressure distributions, and the arrows represent the local-velocity streamlines.

D. The working mechanism of the ventilation barrier

The capability of the designed metaunit for broadband
sound blocking has been demonstrated. To further explore
the underlying working mechanism, the absorption and
reflection of the metaunit are numerically calculated and
experimentally measured, as shown by Fig. 2(a). This
reveals that such a wide working range is achieved via
the synergy of absorption and reflection (i.e., a hybridized
effect of dissipation and interference). Here we con-
sider three representative frequency points (628, 824, and
1100 Hz), at which the performance of the metaunit
is dominated by absorption, absorption-reflection coac-
tion, and reflection, respectively. Figure 2(b) shows the
numerical results for the sound field in the axial-plane
view of the metaunit at these representative frequencies,
where the color maps illustrate the power-dissipation den-
sity. The red color highlights those “active” chambers
(i.e. the chambers under strong resonance) at these fre-
quencies. Note that the maximum value of the color bar
clarifies the underlying working mechanism. At 628 Hz,
the active unit (chamber 1) provides the highest dissi-
pation density (approximately 10’3), indicating a strong
energy dissipation and a prominent absorption effect
(the first inset). At 824 Hz, the active units (cham-
bers 8, and 8_) show a much lower dissipation den-
sity (approximately 107°), so the metaunit works by the
coaction of absorption and reflection [the second inset
in Fig. 2(b)]. At 1100 Hz, the dissipation density of the
active units (approximately 107%) is 3 orders of magni-
tude lower than that at 628 Hz, implying that these active
units support little sound absorption but strong reflection
(the third inset). The white arrows in Fig. 2(b) represent
the sound intensity, showing the energy-flow distribution
when sound is passing through the metaunit (from left

to right). At 628 Hz, the obvious arrows at the input of
the metaunit gradually decay and finally disappear at the
output, showing a strong energy dissipation through the
metaunit. However, at 1100 Hz, the diminished arrows at
the input stem from the cancellation of quasiequal strength
of incident and reflected flux traveling in opposite direc-
tions. This is clear evidence that now the metaunit behaves
as a strong reflector, while the contribution to absorption is
negligible. When the metaunit provides a hybridized func-
tion (824 Hz), the distribution of sound intensity presents
a pattern in between the former two extremes, as illus-
trated by the second inset in Fig. 2(b). Even more notably,
in these three cases, the arrows diminished at the out-
put demonstrate the consistently strong sound blocking at
these frequencies.

Figure 2(c) shows a cross-section view of the sound
field in the layers where the actively working chambers are
located. Note that now the color maps and the arrows illus-
trate the sound pressure and local-particle-velocity distri-
bution, respectively. Compared with the inactive chambers
(e.g., chamber 1_ at 824 Hz), the obvious arrows in the
active chambers witness a massive energy exchange occurs
between the chamber and outer space, and the sound-
pressure distribution demonstrates energy accumulation at
the chamber terminals, both proving a state of resonance.

In essence, there are two factors determining the open
metaunit composed of detuned chambers blocking the
acoustic wave. One is whether the incident wave can
be induced in the chambers adequately, and the other
is whether it can be sufficiently dissipated in the cham-
bers. When a chamber is in the resonant state (so that
the incident sound wave interacts strongly with the cham-
ber) and has an adequate dissipation rate, the chamber
shows remarkable absorption capacity, seen as a state of
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quasi-impedance-matching. At this point, the metaunit is
working in a highly efficient absorption mode. In contrast,
when a chamber is in a resonant state, but the dissipation
rate can be ignored, the reradiation wave from the chamber
interferes destructively with the incident wave and results
in a quasi-Fano-resonance, where a strong reflection mode
arises from the metaunit. Between these two extremes (i.e.
a resonant state with an insufficient dissipation rate), the
metaunit is in an intermediate state between the absorption
mode and the reflection mode, where the coaction of dis-
sipation and interference ensures its highly efficient sound
blocking.

Through the above analysis, it is demonstrated that the
consistently strong sound blocking comes from the coac-
tion of the 16 coupled resonant chambers. Empowered
by the synergistic effect, our hybrid-functional metasur-
face beats previous broadband designs that used only

interference [37,38] or absorption [35,39] by a large mar-
gin in the operating range.

E. Customizing the ventilation barrier

The designed barrier has potential for great flexibility in
tailoring its acoustic behavior. Figure 3(a) shows the calcu-
lated power transmission as a two-dimensional color map
of the thickness 4 and frequency. The bandwidth (power
transmission less than 0.1) increases with the chamber
thickness and stabilizes when / reaches 5.5 mm. A fur-
ther increase in 4 results in little further increase of the
bandwidth (see the width of the region in black). The open-
ing rate of the ventilation barrier also has a marked impact
on the performance of the ventilation barrier. Figure 3(b)
shows the color map for various values of d, indicating
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(a) The modified metaunit featuring three additional circumferential partition blades in each layer. (b) A photograph of the

three-dimensionally-printed specimen and its inner structure. (c) The numerically calculated absorption (red line) and reflection (black
line) and the measured absorption (red circles) and reflection (black circles) of the metaunit. (d) Theoretical (red line), simulated
(dashed black line), and measured (blue dots) power transmission of the metaunit (D = 100 mm, d = 44 mm, # = 5.5 mm, b = 1 mm,

H =53mm, ¢ =120°6 =8, S, =423 mm?, and t = 1 mm).
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the trade-off between the ventilation efficiency and sound-
proofing bandwidth. Here d = 44 mm is used as a balance
for our design. More importantly, the 16 elaborate reso-
nant chambers play a central role in determining the overall
performance. To make them well detuned to collectively
cover such a wide operating range, the angle shift of the
partitions from layer to layer 6 is the key factor. As illus-
trated by Fig. 3(c), for a modest angle shift (2—8°), the
bandwidth can be expanded or compressed accordingly by
increasing or decreasing 6. For a larger 9, the broadband
will decompose—namely, now the metaunit is serving as
a frequency comb. In general, the above-mentioned char-
acteristics, arising from the rich geometrical parameters,
provide our design with adjustable frequency behavior and
suggest an approach for the design of a ventilation barrier
with a target-set spectrum.

F. The modified ventilation barriers toward
ultrabroadband sound blocking

In the above design, the phase shift of the deflected
blade from layer to layer results in 16 detuned reso-
nant chambers that collectively guarantee a remarkable
broadband performance. To further extend the working
range of the metaunit without changing its profile (outer
diameter D, inner diameter d, and overall thickness H),
circumferential blades are deployed on each layer. As illus-
trated in Fig. 4(a), now the modified metaunit contains
three circumferential blades evenly spaced (partition spac-
ing ¢) on each layer. Compared with the prototype shown
in Fig. 1(a), these circumferential partitions provide an
additional degree of freedom, so there are eight detuned
chambers on each layer and 64 in total. Figure 4(b) shows
the sample of the modified metaunit made of photosensi-
tive resin via 3D printing. This design, although it features

1.0

Power transmission

0.0 1
250 500 1000 1500 2000
Frequency (Hz)

FIG. 5. Power transmission for illumination by a plane wave
with incident angles of 0° (blue line), 30° (red line), and 60°
(black line).

a more-complicated inner structure, has the same under-
lying working mechanism as its prototype. The numerical
simulation and experimental results shown in Fig. 4(c) ver-
ify that the modified metaunit works via the synergy of
dissipation and interference, where dissipation dominates
at low frequencies (greater than 0.5 at 450580 Hz), while
interference is dominant at higher frequencies. The theoret-
ical, numerical, and experimental data shown in Fig. 4(d)
witness a substantially increased operating range: an effec-
tive blocking of more than 90% of incident sound energy
from 650 Hz to 2000 Hz (experimental data). Compared
with its prototype (628—1400 Hz), the additional circum-
ferential partitions contribute mainly at higher frequencies.

In practice, the functionality of an acoustic barrier
should not be restricted to only normal incidence. We
numerically inspect the power transmission through the
proposed acoustic barrier under oblique incidence (Fig. 5).
The simulation results show that the broadband charac-
teristic is observable under a wide range of the angle of
incidence, while the sound blocking becomes even bet-
ter under oblique incidence. Furthermore, although the
designed metaunit is not axially symmetric, the deep-
subwavelength nature in the frequency range considered
ensures that its transmission properties will not be affected
by the rotation angle w of the incident wave (w is illustrated
in the inset in Fig. 5). This significantly expands the scope
of the practicability of our design in harsh environments
with background noise impinging from different directions.

To estimate the ventilation characteristics of the metau-
nit, experiments are performed. The inset in Fig. 6 shows
the experimental setup. In the experiments, an electric fan
is placed at the inlet of the waveguide, and the wind speed
at the outlet is measured twice, with and without the pres-
ence of the designed metaunit. The measured ventilation
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FIG. 6. The ventilation characterization system and the mea-
sured wind-velocity ratio.
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performance, characterized by the wind-velocity ratios (the
ratios between airflow velocities with and without the
samples), is plotted in Fig. 6. The results manifest a lin-
ear dependence and a velocity ratio of around 34%, and
demonstrate effective airflow circulation.

III. CONCLUSIONS

In summary, we conceptually propose and experimen-
tally validate an ultrabroadband ventilation barrier via a
hybrid-functional acoustic metasurface. In contrast to pre-
vious broadband designs, the synergistic effect from our
hybrid-functional metasurface offers an efficient means to
substantially increase the operating range. Experiments are
conducted to validate the proposed design. The hybridiza-
tion of dissipation and interference serves as a powerful
tool to guarantee the remarkable broadband performance,
enabling consistent blocking of more than 90% of inci-
dent energy in the range from 650 to 2000 Hz, while the
structural thickness is only 53 mm (approximately A/10).
The rich geometrical parameters provide our design with
adjustable frequency behavior. Our work opens up promis-
ing possibilities for shielding acoustic waves in such a
compact yet open manner, and more essentially suggests
an efficient route toward on-demand broadband impedance
engineering in an open metasurface.
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