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Nonlocal metasurfaces, by harnessing the nonlocality, have shown their unparalleled capacities for the
efficiency of wave-front manipulation. Here, we demonstrate that nonlocality can be served as a powerful
tool to achieve a dramatical enhancement in working bandwidth, showcased by an acoustic open meta-
surface encoding the exceptional property of allowing airflow while blocking sound transmission. Our
design is a binary metaunit composed of two parts, a central orifice and a surrounding helical blade. We
show that the transmission spectrum can be tailored by leveraging the hybrid nonlocal effect from the syn-
ergy of radiation coupling and direct coupling, the latter provided by a physical connection between the
two parts. Verified by simulations and experiments, such a hybrid nonlocal open metasurface consistently
blocks more than 90% of incident energy in the range from 600 to 1900 Hz across four adjacent trans-
mission dips. Our finding may pave a way for noise blocking in a flowing-fluid-filled circumstance, more
essentially, sets out an efficient approach for broadband wave manipulation in a hybrid nonlocal way.
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I. INTRODUCTION

Controlling the flow of waves at will is a long sought-
after goal. Metasurfaces stand out as promising tools due
to their vanishing size and are now a research area that
has attracted increasing attention; they have shown their
unparalleled capabilities in tailoring the wave-matter inter-
action at the deep-subwavelength level. The last decade
has witnessed the success of acoustic metasurfaces [1,2]
with tremendous unique functionalities, such as anoma-
lous transmission and reflection [3–24], compact absorp-
tion [25–30], holographic rendering [31,32], and acoustic
topologies [33–35].

Conventionally, acoustic metasurfaces are made up of
metaunits, building blocks that are individually designed
and then assembled into particular patterns [2]. Although
such a design strategy can be considered individual and
local, the waves being manipulated are, owing to diffrac-
tion, inherently nonlocal. It is therefore found that meta-
surfaces built in such a way suffer from a limited efficiency
on wave-field manipulation [6,20–22].

Among the versatile capabilities of metasurfaces,
manipulating waves in a flowing-fluid-filled circumstance
is rather challenged. A prime example is a ventilating bar-
rier, which simultaneously blocks sound while allowing
free flow of air. Such a device could find widespread use
in situations where noise proofing is needed, but airflow
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needs to be retained, perhaps for cooling or ventilation.
Although open acoustic metasurfaces offer a promising
solution to the problem [36], the underpinned mechanisms
involving local resonance [37] and Fano-like resonance
[38,39] inevitably support a narrow working range, owing
to the nature of resonance. To overcome this inherent diffi-
culty, a common receipt is to combine multiple detuned
resonant elements and “piece together” a wide working
bandwidth [40–42].

In this work, we propose a counterintuitive alternative.
We show that the enhancement of bandwidth can be real-
ized by leveraging the nonlocality of a metasurface. In the
following, we demonstrate that nonlocal effects, induced
not only by radiation coupling but also by physical con-
nections among subunits (here called direct coupling), can
be utilized as a powerful means in tailoring the transmis-
sion spectrum. In more detail, we show that by combining
both nonlocal effects in a hybrid fashion, it is possible
to extend the bandwidth even further, exemplified by a
hybrid-nonlocal design consistently blocking sound over
four transmission dips, compared to a prototype built on
just radiation coupling, which contains only two trans-
mission dips [43,44]. Our finding suggests an efficient
approach for broadband wave engineering empowered by
nonlocal metasurfaces.

II. RESULTS AND DISCUSSION

A. Design of a nonlocal ventilating metasurface

The open metasurface investigated in our work is made
up of periodically arranged identical metaunits [Fig. 1(a)].
A prototypical metaunit (outer radius R = 50 mm, height
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FIG. 1. (a) Diagram of a broadband ventilating barrier made
up of periodically arranged nonlocal metaunits. (b) A prototyp-
ical nonlocal metaunit composed of a central tube of length H
and radius r surrounded by a helix of outer radius R and pitch
P. (c) Our modified nonlocal metaunit in which there is an open-
ing between the end of the helical pathway and the tube, which
spans both sides of the helical blade. The opening at the rear
has a height h, and is divided into two by the blade. Radially, the
opening subtends an angle α on one side of the blade and β on the
other. [See also the upper panel of Fig. 2(c) for a slightly different
view of the placement of the opening.] Opening deviation angle
θ is the rotation angle of the opening along the circumference
around the cylinder tube axis.

H = 50 mm, and pitch P = 34.542 mm) is a binary struc-
ture comprised of two parts. One part is the central orifice
or tube (inner radius r = 22.5 mm), which ensures the free
flow of air, while the other is a surrounding helical path-
way created by the spiral blade [Fig. 1(b)]. The spiral is
described by the set of parametric equations, as

x = A cos(ψ),
y = Pψ/2π , A ∈ [r, R] , ψ ∈ [0, 2πH/P],
z = A sin(ψ),

(1)

where A and ψ represent the radius and angle of the blade,
respectively, and P is a parameter, which describes the
pitch of the helix. In this prototype, the two parts are
separated by the rigid cylindrical tube.

In principle, such a binary design supports Fano-like
interferences, meaning that sound passing through each
of the two parts (the central orifice and the surround-
ing helical path) creates a path difference, so that they
destructively interfere and cancel out at the transmitted
side [38,39]. In this regard, the presented work blocks
sound wave (by reflection) rather than absorbs it, while the
intrinsic loss caused by thermal viscosity of the metaunit is
rather low. However, such interference naturally indicates
that destructive and constructive interferences alternate. In
other words, transmission dips indicating effective sound
blocking are separated by transmission peaks so that the
design, in principle, supports only narrow working bands.

In our previous works [43,44], we have taken a step for-
ward in extending the bandwidth, by utilizing such a pro-
totypical metaunit [Fig. 1(b)]. In these works [43,44], the
nonlocality from the radiation coupling between the two
parts plays a vital role in realizing broadband sound block-
ing. In the following, we deliberately introduce another
nonlocality and systematically show how dual nonlocal-
ity, including radiation coupling as well as direct coupling
via physical connections, can be used to tailor the acoustic
behavior of a ventilating metasurface.

In this work, numerical simulations are first carried out
by using the acoustic pressure module of COMSOL Multi-
physics, in the frequency domain to calculate sound trans-
mission through the metasurface. In the simulations, the
metaunit is placed in a cylindrical waveguide in which both
the waveguide walls and the metaunit itself are considered
acoustically rigid. The two ends of the waveguide are set
as perfectly matched layers (PMLs), and the background
sound field is considered to be an incident plane wave. To
calculate the losses caused by viscosity and thermal dissi-
pation, the impedance of a thermoviscous boundary is used
in the metaunit.

First, to demonstrate the crucial role that nonlocal-
ity plays, we artificially eliminate radiation coupling by
extending the central cylindrical tube on both ends of
the metaunit, in this case by 40 mm, which will stop
the interaction of evanescent waves between the central
and surrounding parts. By doing this, the evanescent field
attenuates significantly (at least for frequencies whose
wavelengths are comparable to the length of the exten-
sion) so that the coupling of the two parts, via evanescent
fields, can be ignored. For this metaunit with coupling arti-
ficially eliminated, the curve of power transmission T (the
ratio of transmitted to incident sound energy) shows alter-
nating peaks and dips corresponding to constructive and
destructive interferences (dotted lines in the lower panels
of Fig. 2). Thus, as expected, because of interference and
without any additional nonlocal effect, such a binary design
shows only narrow working bands [38,39].

Next, after eliminating the artificially added extension
tube, we return to the prototype of the helical metaunit,
where radiation coupling naturally occurs at both ends of
the metaunit [Fig. 2(a), upper panels]. Generally, in such
a nonlocal metasurface, the evanescent fields act so as to
channel energy along the surfaces of its two parts [20],
and one can observe a significant variation in transmis-
sion induced by radiation coupling. Here, similar to the
approach adopted in Refs. [45,46], to characterize the per-
formance of the helical metaunit, we numerically calculate
its band structure by assuming the metaunit is periodi-
cally arranged along the cylinder axis. The lattice constant
a is slightly larger than the structure thickness H (a =
1.1H in this case) to avoid two parts (central tube and
surrounding helical path) of the metaunit are completely
separated so that destructive interference cannot happen.
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FIG. 2. Band structures (lattice constant a = 1.1H ) and power transmission curves of three helical designs. (a) The prototypical
metaunit featuring radiation coupling on both ends. (b) The modified metaunit in which the helical path at the rear is blocked so
that radiation coupling exists only at the front. (c) The proposed metaunit achieved by further adding an opening on the rear center
cylindrical tube, which allows both radiation coupling at the front (green arrow) and direct coupling at the rear (red arrow). In all
three-dimensional (3D) plots, the dotted green line is the power transmission of a hypothetical metaunit with artificially eliminated
radiation coupling by extending the central cylindrical tube, the red line is the power transmission of the illustrated unit, and the blue
line is the dispersion curve. The gray areas highlight the corresponding band gaps.

As have been verified by Refs. [45,46], even when only
one layer of metaunit is used in practice, the appearance of
power transmission attenuation still approximately accords
with the gap of the band structure in frequency. As illus-
trated in the lower panel of Fig. 2(a), a wide band gap
(the larger gray region in the bottom plane) appears in
the range from 1200 to 1770 Hz, confirmed by the red
solid power transmission curve with consistently near-zero
sound transmission in this range. This accords with what
we have observed in previous works [43,44]. In fact, the
sound-blocking band is made up of two consecutive trans-
mission dips at which sound transmission is theoretically
zero [43].

One can further manipulate the coupling by covering
the rear of the surrounding helical part, leaving only radi-
ation coupling at the front of the metaunit (Fig. 2(b),
upper panel). Such single-ended radiation coupling pro-
duces two more gaps in the frequency range of interest
(f < 2000 Hz), giving four in total (gray regions). The
corresponding four dips in the power transmission curve
are visible as the red line in the lower panel of Fig. 2(b).
The increase in the number of transmission dips suggests
the possibility of broadening the blocking band by piec-
ing together several dips. Unfortunately, these four band
gaps are now separated in frequency, resulting in apprecia-
ble sound power transmission (T > 0.1) between adjacent
dips in the power transmission curve.

The nonlocal metaunit mentioned above uses radiation
coupling as a way to channel energy between its different
parts. Clearly, nonlocality plays a vital part in engineer-
ing the band structure as well as the corresponding power

transmission curve. However, it is rather complicated to
fine tune the nonlocality induced by radiation coupling.
To make use of radiation coupling, a nonlocal meta-
surface generally requires a complicated reversed-design
paradigm—that is, a global optimization method that con-
siders the individual behavior of each part as well as the
radiation coupling among them. On the other hand, as an
alternative, different parts of a metaunit can be directly
coupled using physical connections [47], where the effect
of coupling can be tailored by the position as well as the
area of connecting channels.

For the helical metaunit, such direct coupling can be
achieved by physically linking the central tube and its sur-
rounding helix via an opening in the wall of the tube.
Figure 1(c) and the upper panel of Fig. 2(c) illustrate such
a design. It is a modification of the single-ended radia-
tion coupling model [Fig. 2(b), upper panel] in which an
opening is made close to the rear of the metaunit. The
opening can be defined by the following parameters: open-
ing height, h; opening angle, α; opening angle, β, as shown
in Fig. 1(c). Such a modified metaunit can, in principle,
benefit from radiation coupling at the front as well as direct
coupling at the rear. Introducing direct coupling effec-
tively reshapes the band diagram by gathering together the
originally widespread four band gaps [gray regions in the
lower panel of Fig. 2(c)]. In terms of the power transmis-
sion curve, the result is an effective sound attenuation of
more than 90% of the incident energy (with a criterion of
T < 0.1) over the range 600 to 1900 Hz comprising four
consecutive transmission dips [red line in the lower panel
of Fig. 2(c)].
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FIG. 3. How direct coupling modifies the transmission spectrum, with each plot showing the effect of varying each of the four
structural parameters. (a) Opening height, h. (b) Opening angle width, α. (c) Opening angle width, β. (d) Opening deviation angle,
θ . The color maps show the power transmission variation in T as indicated by the scale bar at right, with dark regions indicating
effective sound blocking. The isolated profiles show power transmission curves at selected parameters, with blue profiles indicating
the optimal design parameters adopted in this work. The designed structural parameters, except for the tuning variable in each diagram,
are h = 3 mm, θ = 0◦, α = 33.65◦, and β = 66.35◦.

B. Nonlocal effect induced by direct coupling

So far, the effectiveness of direct coupling is demon-
strated in an optimal design. In what follows, we look
deeper into the effect of direct coupling, with an empha-
sis on the variation in parameters describing the physical
connection, which determines the final behavior of the
ventilating metasurface.

The designed ventilating metasurface has radiation cou-
pling at the front and direct coupling at the rear, producing
a hybrid nonlocal effect. Crucially, notice that the opening
spans across the spiral blade [Fig. 2(c), upper panel], so
that the opening permits the central part to directly con-
nect with the helical channel at two different positions,
creating two separate sound paths. The two paths provide
extra flexibility in tailoring the acoustic behavior of the
nonlocal metasurface. Here, to illustrate the ability to cus-
tomize the transmission spectrum by direct coupling, we
systematically investigate the structural parameters of the
opening.

First, the area of the opening determines the strength
of the direct coupling. This can be most readily tuned by
varying the opening height h, while keeping the open-
ing position fixed. As indicated by the color map at the
bottom plane of Fig. 3(a), in the parameter space of open-
ing height h and frequency f , dark regions represent

effective sound blocking, and the four black lines corre-
spond to the four transmission dips observed in Fig. 2(c) at
which sound transmission is theoretically zero. A smaller
opening area (smaller h) shows a broader dark region on
the frequency axis, together with four transmission dips
being more separated, however. Small h, therefore, results
in higher levels of sound transmission between the dips, as
shown by the gray profile at the front of Fig. 3(a) (compare
it with the gray profile at the back). The optimal design
with h = 3 mm [blue profile in Fig. 3(a)] provides the best
balance between the bandwidth and the effectiveness of
blocking (again, with a criterion of T < 0.1).

The opening permits direct coupling to the surrounding
channel at two different positions where the opening inter-
sects the helical blade. In other words, the blade divides the
opening into two gaps. There is one gap counterclockwise
to the end of the helix (looking from the front), defined
by the angle width α, and another gap clockwise to the
end of the helix defined by the angle width β [Fig. 1(c)].
The contrast of coupling strengths provided by these two
gaps is therefore of interest and is investigated by varying
the angles α and β corresponding to the anticlockwise and
clockwise parts, respectively, of the opening defined by the
helical blade. The optimal result is found for the condi-
tion α = 33.65◦ and β = 66.35◦ [blue profiles in Figs. 3(b)
and 3(c)].

014067-4



NONLOCAL VENTILATING METASURFACES PHYS. REV. APPLIED 19, 014067 (2022)

(a) (b) (c)

FIG. 4. Simulated sound-field distributions at 547, 1061, and 1364 Hz [the three frequencies marked in lower panel of Fig. 2(c)].
The upper panels are the axial-plane view with the colors indicating the sound pressure and the arrows indicating the energy flows.
The lower panels are the radial-plane views of the layer where the opening is located, with the arrows representing intensity and the
colors showing acoustic pressure (scale at right).

As aforementioned, the coupling strength is determined
by the total opening area, while the coupling strength con-
trast is governed by the relative areas of the two gaps of
the opening. On the other hand, the position, where direct
coupling is induced (i.e. the position of the opening), is
also crucial for the interplay of central and surrounding
parts of the metaunit. Consequently, the opening having
a fixed area is then rotated, measured in terms of the angle
θ from which the opening deviates from its origin, where
θ = 360◦ represents a full-round rotation of the opening
in the radial plan. The results of varying the deviation
angle of the opening demonstrate the power of direct cou-
pling in modulating the transmission spectrum [Fig. 3(d)].
The changes in the color of the heat map indicate that
the behavior of the metasurface changes significantly as
θ changes. Broadband sound blocking occurs only when
the central orifice dually direct coupled to the surrounding
helical part, manifested by the opening rotating to those
angles (small θ ) at which it is intersected by the spiral
blade [an optimal case shown by the blue profile at θ = 0◦
in Fig. 3(d)].

C. Hybrid nonlocality through radiation coupling and
direct coupling

Numerical simulations also provide an intuitive picture
of how the system behavior is reshaped by the nonlocality
induced by radiation coupling as well as by direct cou-
pling. Figure 4 shows the simulated sound fields at three
representative frequencies marked on the power transmis-
sion curve of Fig. 2(c), where the first frequency (547
Hz) falls out of while the other two (1061 and 1364 Hz)
lying in the sound-proofing band (600–1900 Hz). First, the
effect of radiation coupling can be observed by the axial-
plane view shown in the upper panels of Fig. 4, where
the colors represent sound pressure and the arrows indi-
cate energy flows. Nonlocality by radiation coupling here
can be manifested by the strongly distorted arrow sur-
face around the front of the metaunit [Figs. 4(b) and 4(c),

upper panels]. Here, higher-order modes carrying evanes-
cent waves serve as a tunnel effectively channeling energy
between the central and helical parts. This is a similar
behavior to that observed in nonlocal metagratings [20].
Within the working range, a dramatic reduction of pressure
amplitude through the metaunit, together with diminishing
arrows, gives rise to a silenced zone behind [see colors in
green on the transmitted side in the upper panels of Figs.
4(b) and 4(c)].

On the other hand, the nonlocal effect from the direct
coupling can be observed by the radial-plan view where the
opening is located (Fig. 4, lower panels). Here the arrows
represent the sound intensity, and the colors show acous-
tic pressure distribution. These radial-plan views clearly
illustrate how the spiral blade divides the opening into two
gaps. The nonlocal behavior induced by direct coupling
can be seen as a rapid change in color between the central
orifice and the surrounding pathway, as well as by those
arrows confirming significant energy exchange through the
opening. These arrows illustrate, in detail, how the acoustic
flux outflows from the upper gap, pass through the central
orifice, and finally inflows into the lower gap [lower panels
of Figs. 4(b) and 4(c)].

D. Experimental verification

Experiments are performed to validate the capability
of the proposed ventilating metasurface empowered by
the hybrid nonlocal effect. A sample of the metaunit is
made from photosensitive resin using 3D printing [inset of
Fig. 5(a)]. The acoustic characteristics of the metaunit are
evaluated by fixing it firmly inside a standard impedance
tube (Sinus type-1401), and its sound transmission calcu-
lated using the transfer-matrix method (see details in the
standard ASTM E2611-09 [48]). The experimental setup
is consistent with that adopted for the numerical modeling.
Figure 5(b) shows the power transmission of the metau-
nit, and the results are in excellent agreement with the
numerical computations, verifying the effectiveness of our
design. Such a ventilation barrier consistently blocks more
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FIG. 5. (a) Experimental setup for evaluating acoustic performance in which a specimen is clamped into an impedance tube. (b)
Simulated (solid line) and measured (circles) transmission of the hybrid nonlocal metaunit. The inset is a photo of the 3D-printed
specimen. (c) Arrangement for measuring the ventilation characteristics. (d) Measured wind velocities with the unit in place (green
line, left axis) and ratios of wind speeds with and without the unit in place (blue bars, right axis).

than 90% of incident sound energy (that is, T < 0.1) in
the range of 600–1900 Hz (experimental data). Compared
to its prototype by leveraging radiation coupling only
(T < 0.1, 1200–1770 Hz, Fig. 2(a), such a significantly
increased bandwidth is due entirely to hybrid nonlocal
effects from the synergy of radiation and direct couplings.

Next, the ventilation characteristics of the metaunit are
experimentally evaluated [Fig. 5(c)]. 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 presence
of the metaunit. Figure 5(d) shows the measured ventila-
tion performance, characterized by the ratio of the wind
speeds with and without the sample in place. There appears
to be a linear dependence on outlet speed, and the velocity
ratio is around 27%, demonstrating that airflow is reduced
to about a third.

III. CONCLUSIONS

To conclude, we conceptually propose and experimen-
tally validate a broadband ventilating barrier empowered
by nonlocal metasurfaces. In particular, we demonstrate
the power of nonlocality in engineering the transmis-
sion spectrum of the metasurface, endowing a ventilating
barrier simultaneously allows the passage of air while
consistently blocking sound in a broad frequency range.

In contrast to conventional nonlocal metasurfaces work
by means of only radiation coupling or direct coupling,
here we show that the hybrid nonlocal effect via the syn-
ergy of radiation and direct couplings can be served as a
powerful tool for customizing the bandwidth. In this way,
we realize a ventilating metasurface enabling an effec-
tive blocking of more than 90% of incident energy in the
range from 600 to 1900 Hz over four transmission dips,

with a structural thickness of only 50 mm (approximately
1/10 of the wavelength of the lower cutoff frequency),
while retaining a ventilation fraction of 27%. Beyond those
potential applications of ventilating metasurfaces, our find-
ing, more essentially, paves a way for broadband spectrum
engineering in an open and nonlocal manner.
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