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Acoustic metacages for sound shielding with steady air flow
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Conventional sound shielding structures typically prevent fluid transport between the exterior and
interior. A design of a two-dimensional acoustic metacage with subwavelength thickness which
can shield acoustic waves from all directions while allowing steady fluid flow is presented in this
paper. The structure is designed based on acoustic gradient-index metasurfaces composed of open
channels and shunted Helmholtz resonators. In-plane sound at an arbitrary angle of incidence is
reflected due to the strong parallel momentum on the metacage surface, which leads to low sound
transmission through the metacage. The performance of the proposed metacage is verified by
numerical simulations and measurements on a three-dimensional printed prototype. The acoustic
metacage has potential applications in sound insulation where steady fluid flow is necessary or
advantageous. Published by AIP Publishing. https://doi.org/10.1063/1.500944 1

I. INTRODUCTION

Noise shielding and mitigation have long been a central
topic in the field of acoustics.' Traditional noise shielding
materials and structures rely on sound absorption and reflec-
tion to prevent the transmission of sound across a boundary.
These materials or structures, however, typically stop both
acoustic wave transmission and steady fluid flow across the
boundary.” This characteristic severely limits their applica-
tions under circumstances in which the exchange of air is
necessary or advantageous, such as noise reduction in envi-
ronments where ventilation requires that air should be able
to flow freely. Consider the noise control of cooling fans
(Fig. 1), in which the free circulation of air is imperative to
allow heat transfer and dissipation. Noise mitigation materi-
als and structures such as high areal density panels and
micro-perforated panels with backing cavities® are therefore
not suitable as they prevent air flow.

Recent progress in acoustic metamaterials and metasur-
faces has opened up new possibilities in manipulating
waves®'® for many applications, including noise control,
and they have shown substantial potential for building sound
insulation panels.'” 2! However, they have yet to be proven
useful for designing noise-control acoustic enclosures, espe-
cially those with openings. Several approaches have been
proposed to block sound while enabling transport of air
flow.?>** Although the transmission loss of these designs is
high, the structures are generally bulky and may not insulate
noise in an omni-directional manner or form an effective
acoustic enclosure, therefore hindering their applications for
certain real-world problems, such as insulating noise from
fans and compressors. In optics, the concept of metacage has
been recently proposed and metacages have been numeri-
cally shown to be able to shield electromagnetic (EM) waves
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in order to protect objects from radiation.”**> While Mirzaei
et al. proposed a metacage design based on nanowires,*
Qian et al. suggested that gradient metallic grating is more
feasible for constructing the metacage.”> However, the latter
strategy was demonstrated using the effective medium the-
ory and no explicit design was provided. Furthermore, the
shielding effect of optic metacages has yet to be experimen-
tally observed.

This paper investigates an acoustic metacage that can
reflect acoustic waves and presents a feasible design based
on gradient-index metasurfaces (GIMs). Both simulation and
experimental results demonstrate that the metacage is capa-
ble of rejecting sound transmission from all angles, regard-
less of whether the source is inside or outside the metacage.
In the acoustic regime, GIMs have been reported to achieve
anomalous reflection/refraction, controllable reflection, bot-
tle beams, and asymmetric transmission, among others.2073?
In this paper, the sound transmission behavior of the GIM is
first investigated by the means of mode coupling, which
shows that incoming acoustic waves cannot be coupled into
the transmission mode regardless of the angle of incidence
when the phase gradient is sufficiently large. The GIM is fur-
ther bent into a ring shape in order to create an acoustic
metacage, though the shape can be arbitrary in theory as

(b) airfloxht.
N 7
DEDLS
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)))
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FIG. 1. Noise shielding using (a) a conventional material and (b) a new
structure that allows exchange of air.
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long as sufficient phase gradient is satisfied. Shunted
Helmbholtz resonators with open channels are employed to
construct the GIM and produce the required phase distribu-
tion. Numerical simulations are first carried out to verify the
proposed acoustic metacage. A prototype is subsequently
fabricated and validated experimentally.

Il. OMNIDIRECTIONAL SOUND SHIELDING USING GIM

First consider a GIM shown in Fig. 2(a). Without losing
generality, the GIM is composed of four different unit cells
in one period whose length is d. For an incoming wave with
an angle of incidence 0;, the refraction angle 0, can be calcu-
lated using the generalized Snell’s law*®** which reads

(sin 0, — sin 0;)ky = & + nG, (D

where k is the wave number in free space, & = d®/dx is the
phase gradient along the surface, # is the order of diffraction,
and G = 2n/d is the reciprocal lattice vector. It is noted that
the term nG only appears when the period is comparable
with the wavelength / at large angles of incidence.?® For Oth
order diffraction, i.e., n = 0, the critical angle for incoming
waves to couple into propagating modes is expressed as
0. = sin"'(1 — &/ko). When the period d is a very small
value, i.e., d < 1/2, we have & = 21 /d > 2kj. Subsequently,
the critical angle 0. becomes an imaginary number since
|1 — &/ko| > 1, meaning that for an arbitrary angle of inci-
dence 0;, the propagating mode is not allowed through the
GIM when n = 0.

(c)
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On the other hand, for non-zero values of 7, the trans-
mission coefficients can be interpreted by a mode-coupling
method.?*3*33 Recall that ¢ = 27n/d, the y component of the
wave vector of the nth order diffracted wave is given by

kyn = \/ k3 — (ke + W]z, where k, is the x-component of
the incident wave vector. Since d < 1/2, for an arbitrary

non-zero value of n+ 1 (n is an integer), we shall have |k,

+ W| > 2% — ko (note that |k,| < 2P), indicating that k,,

becomes imaginary for any nonzero value of n+ 1. The
transmitted waves are therefore evanescent and decay expo-
nentially along the y-direction. It should be pointed out,
however, that these waves can still travel in the x-direction

and are essentially surface waves since k,, (k. + W) is
still a real number. For n = —1, although the propagating

waves are allowed, the transmission is extremely small
due to destructive interference.? In other words, the overall
transmission through the GIM for d < /2 is small regardless
of the angle of incidence for any value of n. Consequently,
such judiciously designed GIM with strong parallel momen-
tum can serve as an omnidirectional sound barrier for all-
angle incoming waves.

lll. PLANAR AND RING-SHAPED METASURFACE

The theory is verified through the case of a planar meta-
surface with the required large phase gradient. We design the
unit cells using a hybrid structure consisting of open chan-
nels and shunted Helmholtz resonators, although other exist-
ing metasurface unit cells in theory can be also used.?*~?
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FIG. 2. (a) Schematic of the GIM. (b) Simulation of transmission through the unit cells with phase shifts with a step of 7/2. Inset shows the geometry of the
units. (¢) Normalized transmitted and reflected energy at different angles of incidence. (d) Acoustic pressure fields at three selected angles of incidence.
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The original hybrid structure was proposed previously>’
and has shown an outstanding capability for controlling
transmitted sound phase through the units while maintain-
ing high transmission.’****” The resonance frequency of
each individual Helmholtz resonator is far above the opera-
tion frequency so that the influence on the transmission
coefficient would be minimum. Four individual unit cells
are designed to maintain a uniform gradient of transmitted
wave phase. Full-wave two-dimensional (2D) simulations
are carried out by COMSOL Multiphysics v5.2, the
Pressure Acoustics Module to verify the designed structure.
Figure 2(b) shows the acoustic fields propagating through
the units, where high transmission can be observed when
each unit cell is activated individually (i.e., no interaction
between each two unit cells). However, when these unit
cells form a metasurface and work collectively, omnidirec-
tional sound reduction arises.

To demonstrate this, the transmission coefficients of
acoustic waves at different angles of incidence are calculated
numerically. The transmitted and reflected energy at a dis-
tance of 1.5 1 behind the metasurface is plotted as a function
of incident angle as shown in Fig. 2(c). Overall, the metasur-
face effectively shields acoustic waves from arbitrary
directions: the normalized energy transmission (> 1,/ > 1)
calculated using the structure shown in Fig. 2(b) and using
the effective medium are below 0.083 and 0.0016, respec-
tively, at all angles, which correspond to 11 dB and 28 dB
transmission loss. The effective medium is formed by four
unit cells defined by effective density and effective refractive
index with an impedance-matched condition. The unit cells
have different refractive indices to ensure the required phase
gradient so that there is a desired interaction among them.
The transmission coefficients of the real structure are much
higher than those of the effective medium because the trans-
mission can be sensitive to the variation of the phase and
amplitude of the transmitted sound. Moreover, the imped-
ance mismatch for real structures at oblique incidence may
also contribute to the discrepancies between the real struc-
ture and effective medium simulations. Nevertheless, the
simulation results of effective medium demonstrate the
validity of the proposed structure for an omnidirectional
sound barrier. As a reference, the acoustic fields of three
cases where the incident angle is 0°, 30° and 60° are shown
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in Fig. 2(d). Most of the energy is reflected at the boundary
and some surface acoustic waves can be observed along the
top surface of the GIM, which agrees with the theoretical
analysis.

To create an acoustic metacage that can reject acoustic
transmission from all directions, we now bend the GIM into
a ring shape. To ensure sufficient phase gradient along both
outer and inner surfaces of the metacage, the unit cells are
wedge-shaped, with each unit occupying a 5° segment of
the circle as illustrated in Fig. 3(a). Four unit cells form a
supercell, which is also the period of the metacage. The
inner and outer radii of the metacage are 85mm and
150 mm, respectively; the thickness of the metacage is
65 mm, which is about 0.47 1 at the designed operating fre-
quency, i.e., 2.5 kHz. The design proposed in this study can
be scaled to work for a wide range of frequencies. However,
it should be kept in mind that the design can still be limited
by the minimum inner radius and visco-thermal losses for
small-sized samples. The inner and outer widths of each
supercell are 29.7 mm and 52.4 mm, respectively, both being
smaller than half of the working wavelength (1 = 137.2
mm). As discussed above, this condition ensures that the
acoustic waves will be blocked from both interior and exte-
rior of the metacage.

The hybrid unit cell structure is modified and tailored to
ensure that the accumulated phase change across adjacent
unit cells has a phase difference of A¢ = /2 so that a
supercell covers a complete 2n phase change. The heights
of the Helmholtz resonators and the open channels gradually
increase along the radial direction in order to be conformal
with the ring shape of the metacage as illustrated in Fig.
3(b). The dimensions of the unit cells are highlighted in Fig.
3(b) and the average width of the open channels is 3.4 mm,
allowing substantial airflow through the metacage. To
obtain the transmitted phase and amplitudes of the confor-
mal cells, both outlets are connected to a waveguide with
width equal to the inner/outer cross-section of the unit cells.
Since the transmitted waves through the conformal units are
still plane wave-like inside the waveguides, the correspond-
ing transmission characteristics of the unit cells can be cal-
culated by taking the widths of the connecting waveguides
into consideration. Figure 3(c) depicts the simulated phase
shifts (A¢/2n) and normalized transmission coefficients of
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FIG. 3. (a) Schematic of the metacage. (b) Geometry of each unit cell. (¢) Transmission and relative phase shift (A¢/2m) through the unit cells. The red solid
line represents the ideal phase shift of the unit cells. The inset shows the simulation set-up to obtain the transmission values.
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the unit cells. At 2.5kHz, the transmission coefficients for
all the unit cells are above 88% with accurate phase shift.
The uniform transmission spectra ensure excellent coupling
of the unit cells.

IV. NUMERICAL AND EXPERIMENTAL RESULTS

The performance of the proposed metacage is verified
by both full wave simulations using real structures and mea-
surements of a three-dimensional (3D) printed sample using
acrylonitrile butadiene styrene (ABS) plastic whose density
is 1230 kg/m® and speed of sound is 2230 m/s. The walls of
the unit cells are assumed to be acoustically rigid due to the
large impedance mismatch between the ABS and the back-
ground medium (air). We first study the case in which the
metacage is exposed to a spatially modulated Gaussian beam
incident from the outside. The measurement where the meta-
cage is exposed to a Gaussian beam is performed in a 2D
waveguide. Since the metacage has a curved geometry, it is
illuminated by the Gaussian beam from various angles (i.e.,
normal incidence in the center and oblique incidence off the
center). A fan (type FSY40S24M) is placed inside the meta-
cage for the analysis of the effect of airflow. The air flow
rate is 1.0 m/s at the inner surface. A microphone is placed
inside the metacage. The measured signals are then refer-
enced by removing the metacage to obtain the sound trans-
mission loss through it. The results with and without airflow
are depicted in Fig. 4(a), where an average of more than
10dB loss is observed within the frequency range from 2.2
to 2.6 kHz in the measurement. The resonance feature in sim-
ulation at around 2.4 kHz may be caused by certain interac-
tion among the unit cells in a graded structure such as Fano
resonances>® and is not observed in measurement due to fab-
rication tolerance and loss (e.g., loss is known to counteract
resonance). The measured transmission loss is about the
same with and without airflow, indicating that the metacage
functions similarly with the existence of airflow. This is
because the air flow rate (1.0 m/s) is much smaller than the
sound speed in air (343 m/s) in our study. The airflow there-
fore has negligible effects on the acoustic properties of the
metacage.”” For higher flow rate situations (e.g., 10 m/s), the
acoustic properties may be altered. This, however, is beyond

J. Appl. Phys. 123, 124501 (2018)

the scope of this study and will be addressed in our future
work by taking flows into account in the simulation. The
high transmission loss in both simulation and measurement
demonstrates the robustness of the metacage of shielding
acoustic waves from all directions. The acoustic field behind
the metacage is also scanned and compared with the simula-
tion results shown in Figs. 4(b)-4(d). As the metacage is
almost axis-symmetrical, the results are similar for the
Gaussian beam incident from other angles. It can be seen
that there is a low pressure “shadow” region behind the
metacage, which is because the acoustic waves cannot pene-
trate the metacage. The different sizes of the shadow region
in experiment and simulation might be caused by fabrication
defect. In addition, since we did not consider the viscous loss
through the unit cells, the induced dispersion may also lead
to imperfect phase modulation,***!

The proposed metacage is also capable of shielding
acoustic waves emitting from the interior, in which case the
metacage acts as an acoustic enclosure with open channels.
To demonstrate this, the metacage is situated in a waveguide
to ensure 2D wave propagation. A loudspeaker is placed at
the center of the metacage with its front side facing up
against the upper wall of the waveguide. The acoustic signals
are measured 1.5/ away from the outer surface of the meta-
cage along a circle. The sound transmission loss is calculated
with reference to the case where the metacage is removed.
The directivity of the metacage with a 1.0 m/s air flow rate is
also tested for comparison. An average sound transmission
loss of over 10dB is achieved between 2.3 and 2.5kHz as
shown in Fig. 5(a). Small variability of the transmitted
acoustic pressure is observed when the metacage is rotated,
which may be caused by the imperfection of the sample,
directivity of the speaker, and measurement errors. The rela-
tively small deviation demonstrates the omni-directivity of
the acoustic metacage. As a comparison, we simulate the
case of a point source placed inside the metacage, and the
calculated energy decay with the metacage is plotted in Fig.
5(a). The average sound reduction over all angles in the sim-
ulation is about 14 dB at 2.5 kHz, slightly higher than that in
the measurement. The corresponding acoustic field in simu-
lation is depicted in Fig. 5(b) and some surface waves are
clearly observable on the outer edge of the metacage. The far
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FIG. 5. Inside-to-outside performance of the proposed metacage. (a) Sound transmission loss through the metacage at different angles and frequencies. Unit:
dB. (b) Simulated acoustic pressure field when the source is placed inside the metacage. Unit: dB. (c) Experiment set-up of the flow rate measurement.
Compared with the control case (no metacage, 0.8 m/s), about 40% of the airflow (0.3 m/s) can pass through the metacage.

field absolute sound pressure amplitudes are very low due to
the sound insulation of the metacage. To show other situa-
tions where more than one point source is inside the meta-
cage, different source pressure fields have been simulated
and summarized in the supplementary material.

Finally, the air flow rate is measured when the metacage
is present with the measurement set-up shown in Fig. 5(c) to
demonstrate the capability of allowing airflow. The metacage
is covered with a plastic plate (not shown in the figure) to
ensure airflow through the metacage only. Another measure-
ment is performed where the metacage is absent and the
locations of the wind speed meter and fan remain unchanged.
A wind speed meter (type Holdpeak HP 866B) is placed out-
side the metacage to measure the air flow rate. The same fan

(type FSY40S24M) used in the previous measurements is
placed inside the metacage to generate airflow with the driv-
ing voltage being 27 V. The measured air flow rates with and
without the metacage are 0.3 m/s and 0.8 m/s, respectively.
Another measurement is done by placing the fan inside the
metacage to measure the outside-to-inside flow rate. More
than 60% airflow is allowed in this case (0.5 m/s and 0.8 m/
s, with and without the metacage), which may be because the
width of the outer channels are wider than the inner ones,
as can be seen from Fig. 3(b). These measurements clearly
demonstrate that the metacage is capable of allowing the
exchange of airflow. The transmission of airflow can also be
potentially increased by adjusting the sizes of the Helmholtz
resonators so that the air channels can be wider.
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V. CONCLUSIONS

To conclude, an approach for conformal omnidirectional
shielding of acoustic waves with open channels has been pro-
posed. Theoretical analysis reveals that a properly designed
GIM becomes acoustically opaque to in-plane incoming
waves from all angles when its phase gradient is sufficiently
large. An open channel 2D acoustic metacage based on this
strategy is designed to prevent sound from passing through
while allowing steady airflow, which can be important for
sound insulation in ventilated environments. Numerical simu-
lations and experiments demonstrate the effectiveness of the
metacage. There are other existing structures in literature that
may allow transport of airflow, such as sonic crystal-like pil-
lars**** and holey plates.*> However, these have not been
tested for airflow to the best of our knowledge. In addition,
the metacage proposed here has a subwavelength thickness
and could form a full enclosure with arbitrary shape while
maintaining a good mechanical strength, which makes it
advantageous for certain applications. The working frequency
can also be designed at will to meet different requirements.
Although the working bandwidth is limited by using the cur-
rent structure,”®>” it can be very useful for reducing tonal
noises (such as those from various engines and fans) which
sometimes can be more annoying than broadband noise.*®
Moreover, to deal with situations where noise of multiple fre-
quencies is at present, multiple layers of the proposed meta-
cages can be employed. The realization of omnidirectional
shielding of acoustic waves in such a compact and opened
manner adds new capabilities for manipulating acoustic
waves without impeding airflow. It is hoped that the design
studied in this work can be helpful on the control of acoustic
waves in various situations.

SUPPLEMENTARY MATERIAL

See supplementary material for the simulation of two
acoustic sources placed inside the metacage.
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APPENDIX: SIMULATED ACOUSTICS FIELDS WITH
VISCO-THERMAL LOSS

To study the effect of visco-thermal losses, additional sim-
ulations are performed by adding the Acoustic-Thermoviscous
boundaries in the model. Since the viscosity-induced phase
change would lead to imperfect phase modulations, it can be
seen that the “shadow” region behind the metacage is smaller
compared with the no-loss case. Besides, the transmission
inside the metacage is also increased when visco-thermal loss
is considered. More accurate phase modulation of the meta-
cage is possible by taking the viscosity-induced phased shift
into account during the design stage.

J. Appl. Phys. 123, 124501 (2018)
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FIG. 6. Simulated acoustic pressure fields for (a) without visco-thermal loss
(b) with visco-thermal loss.
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