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The emission enhancement of sound without electronic components has wide applications in a variety of
remote systems, especially when highly miniaturized (smaller than wavelength) structures can be used. The
recent advent of acoustic metamaterials has made it possible to realize this. In this study, we propose, design,
and demonstrate a new class of acoustic cavity using a double-walled metamaterial structure operating at an
extremely low frequency. Periodic zigzag elements which exhibit Fabry-Perot resonant behavior below the
phononic band-gap are used to yield strong sound localization within the subwavelength gap, thus
providing highly effective emission enhancement. We show, both theoretically and experimentally, 10 dB
sound emission enhancement near 1060 Hz that corresponds to a wavelength approximately 30 times that
of the periodicity. We also provide a general guideline for the independent tuning of the quality factor and
effective volume of acoustic metamaterials. This approach shows the flexibility of our design in the efficient
control of the enhancement rate.

S
ound emission enhancement dates back to the late 19th and early 20th centuries before any electronic
components were invented. During this pre-electronic era, emission enhancement of sound emitters was
accomplished purely via mechanical means by utilizing a diaphragm, an air-gate, and compressed air. This

form of sound emission enhancement quickly disappeared when a highly effective electronic form was intro-
duced. Nevertheless, emission enhancement without the help of electronics has promising applications in areas
such as remote acoustic sensors, energy harvesting, and acoustic filters in which no internal source of power is
available. Limitations arise when the wavelengths become large (i.e., low frequency applications) because to
confine and control the acoustic waves, structures with dimensions on the order of the wavelength are required,
which may be tens of cm to tens of meters. Fortunately, this obstacle is becoming a thing of the past owing to the
introduction of metamaterials1–4.

The success of metamaterials in the Electromagnetic (EM) regime is carrying over to the acoustic regime where
applications are being found that range from subwavelength focusing to acoustic cloaking5,6. This is possible
because basic acoustic parameters such as the bulk modulus (B) and mass density (r) can be tailored by sub-
wavelength elements analogous to permittivity and permeability in the EM regime7–9. Fabry-Perot-type (FP)
resonance modes operating at low frequency are particularly interesting because they allow for full acoustic
transmission similar to the extraordinary optical transmission through a subwavelength periodic aperture10–14.
Recently, high-resolution sound imaging up to 1/50th of the wavelength was demonstrated by using near-field
propagation inside perforated metallic plates using FP resonance modes12. In addition to utilizing the resonance
modes, acoustic metamaterials can also be used to realize high refractive index of sonic systems by using metal
plates with a periodic array of subwavelength cylinders15,16, slits17, and holes18. Here, we use these unique
properties (FP resonance modes and the enhanced refractive index) of acoustic metamaterials to control the
quality factor (Q) and the effective volume (Veff) to demonstrate a new class of acoustic resonator for acoustic
emitter enhancement at the subwavelength scale.

Results
Double-walled metamaterial cavity design. We designed a structure composed of two perforated metamaterials
with a unit cell size of a 5 10 mm separated by an air gap of distance g 5 20 mm to form a so-called double-
fishnet structure (Fig. 1a). The elements inside the unit cell have the dimensions of h 5 11 mm, s 5 3 mm, t 5
1 mm, w 5 5 mm, and a path periodicity of p 5 2.5, which is defined by the number of oscillatory paths taken by
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the wave along the direction of propagation. Such a design is used to
realize the following two distinct characteristics: 1) the unique FP
resonance modes that allow for full acoustic transmission with high
selectivity and 2) an increased effective refractive index by the
increased path of the incoming waves. Independently, these two
characteristics are not intriguing, but when these effects are
combined, interesting events occur. The increased refractive index
shifts the FP resonance modes to low frequencies, where the
wavelength becomes much larger than the size of the unit cell.
Because no cutoff frequency exists in the acoustic regime, the
periodic arrangement yields full acoustic transmission that extends
to subwavelength scales. To theoretically predict the frequency
response of the metamaterial, we performed numerical calculations
using COMSOL, a finite element analysis and solver software
package, using incident plane waves in the normal direction. In
our calculation, we used a Young’s modulus of 8.5 3 109 Pa, a
density of 1011 kg/m3, and a Poisson’s ratio of 0.33 to simulate the
mechanical properties of aluminum and chose air as the fluid. The
transmission coefficients of the single (Fig. 1b) and the double-walled
metamaterial slab (Fig. 1c) indicate that for the single slab, no
resonance behavior is expected because the fundamental resonance
mode is expected to be approximately 5000 Hz (Fig. S1). However,
for the double-walled metamaterial slab, full transmission is expected
near 1060 Hz, where the wavelength is significantly larger than the
periodicity of the metamaterial structure.

Full transmission of double-walled metamaterials. The 0th mode
transmission (t) and the reflection (r) coefficients of the single
metamaterial slab can be calculated using the effective medium
parameters: effective impedance (Zeff) and effective refractive index
(neff). Under this condition, (the reflected and transmitted pressure is
written as P(x,y) 5 exp(jkxx)[exp(jkyy) 1 rexp(2jkyy)] for y . 0 and

P(x,y) 5 texp(jkxx)[exp(jky(y 2 h))] for y . h (Fig. 1a). Inside the
oscillatory path, pressure field can be described by the effective
medium parameters and is written as P(x,y) 5 exp(jneffkxx)
[Aexp(jneffkyy) 1 Bexp(2jneffkyy)] for 0 , y , h, where A is the
amplitude of forward propagating waves and B is the amplitude of
backward propagating waves, respectively. By imposing continuity of
the pressure field and the normal velocities over the entire slab at
y 5 0 and y 5 h, transmission and reflection coefficients is written as:

t~
4Z1Zeff

Z1zZeff
� �

Zeff zZ1
� �

e{jneff khz Z1{Zeff
� �

Zeff {Z1
� �

ejneff kh

r~
Z1zZeff

� �
Zeff zZ1

� �
e{jneff khz Z1{Zeff

� �
Zeff zZ1

� �
ejneff kh

Z1zZeff
� �

Zeff zZ1
� �

e{jneff khz Z1{Zeff
� �

Zeff {Z1
� �

ejneff kh ð1Þ

where Z1~
rc

cos h
(r and c are the density and acoustic velocity of air,

respectively and h is the angle of the incident wave with respect to the
surface normal). From equation (1), it is apparent that Zeff and neff

determine the transmission and reflection coefficients. Thus, full
transmission is expected at the FP resonant condition: kh 5 neffk0h
5 mp, with m being an integer number. Conversely, sound
suppression is to be expected by the odd-mode FP condition: kh 5
neffk0h 5 (m 1 1/2)p, with m being an integer number. We find that
the wave number, k, inside the slab is determined by the refractive
index k 5 k0neff, hence it is possible to shift the FP resonance mode to
lower frequencies by increasing neff.

Effective acoustic parameters of double-walled metamaterials. To
control neff, we use periodic zigzag elements as shown in Fig. 1a to
yield the effective refractive index neff. The single slab metamaterial
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Figure 1 | Design of the metamaterials and predicted transmission coefficients. (a) The double-walled acoustic cavity consisting of a pair of square

aluminum metamaterial slabs with perforated elements. The schematic of the unit cell is shown at the top right corner with the dimensions of w 5

0.5 mm, t 5 1 mm, h 5 11 mm, s 5 3 mm, g 5 20 mm, a 5 10 mm, and L 5 100 mm. y 5 0 is defined as the location where the incident acoustic wave

first encounters the metamaterial. Two independent metamaterial slabs comprise the double-walled cavity with an air gap of g. Transmission coefficient

were calculated for the (a) single and (b) double metamaterial slabs using the power intensity results from COMSOL.
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structure can be regarded as a single film in which neff and Zeff

determines its properties under the condition that the wavelength
is much larger than the total thickness of the slab (Fig. 2a). As
expected, the effective refractive index of a single slab, as calculated
by the acoustic numerical retrieval scattering method19,20, can be
tailored by changing the flange width (w) which in turn changes
the path length (Fig. 2b). The effective refractive index of our
prototype with a flange width w 5 0.5 mm is found to be
approximately neff 5 3.0no where no is the refractive index of air.
However, when the flange width is increased to w 5 0.7 mm, the
refractive index becomes as high as neff 5 4.0no. These results show
that the effective impedance Zeff of the single slab also increases by
increasing the path length (Fig. 2c). By using the same logic as used
with the single slab, the double-walled slab can be considered a single
film determined by its own neff and Zeff (Fig. 2d). The results show
that below 600 Hz (l 5 57.2 cm), the double slab with w 5 0.5 mm
and g 5 20 mm exhibits a lower refractive index of neff 5 2.7no

compared to that of the single slab (Fig. 2e). However, between
frequencies 1000 and 1300 Hz, the refractive index of the double-
walled slab exceeds that of the single slab due to the presence of FP
resonance. This is analogous to the realization of an extraordinarily
high refractive index in the electromagnetic regime by utilizing
electron resonances21 or the electromagnetic resonances of split
ring resonators (SRRs)2,4. Furthermore, impedance variation of the
double-walled slab indicates resonant behavior near 1060 Hz where
the real and imaginary impedances become simultaneously close to
zero (Fig. 2f). The real part of the effective impedance decreases
monotonically up to 1060 Hz, while the imaginary part of effective
impedance monotonically increases after 1060 Hz. This behavior
can be explained by a simple circuit analogue represented by series
inductor-capacitor (LC) coupling process where both a magnitude

and phase exist for the double-walled slab, in contrast to the single
slab which has only the magnitude.

Measurement of full transmission with high selectivity. To
experimentally verify the full transmission behavior with high
selectivity, we perform reflection coefficient measurements
upstream of the slab (Figs. 3a–b). These results indicate excellent
agreement between the experimental and theoretical values, apart
from some discrepancies below 600 Hz. For the single slab, the
theory predicts that the fundamental FP resonant mode is
expected at approximately 5000 Hz hence, no abrupt change in the
reflection coefficient is shown. However, for the double-walled slab,
the reflection coefficient decreases to almost zero near 1060 Hz
indicating full transmission due to the existence of a FP resonant
mode. This resonant mode can be regarded as the fundamental FP
resonant condition given by the following equation: k0neff 3 (2h 1 g)
5 p leading to an neff 5 3.8, because the wavelength l 5 32 cm (at
1060 Hz). At this frequency, the periodicity is approximately 1/30th

of the wavelength, thus providing a highly miniaturized acoustic
cavity at the subwavelength scale.

Emission enhancement of sound based on metamaterials. This
acoustic cavity with a subwavelength gap can be used to enhance
sound similar to luminescence enhancement of an atom in a
cavity22,23 or proposed phonon density of states enhancement24.
The enhancement rate (S) at the resonance mode can be estimated
by the quality factor Q and the effective cavity volume Veff (S , Q/
Veff) analogues to the Purcell effect of EM micro-resonators25. The Q
factor determines the sound confinement time in units of acoustic
period and Veff measures the effective confinement volume of the
resonator26. To theoretically predict and analyze the enhancement
rate, we simulated the acoustic enhancement numerically using a 2D
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Figure 2 | Effective medium analysis of single and double-walled metamaterial slabs. (a) The perforated metamaterial can be viewed as a single slab

using the effective medium theory when the incident wavelength is much larger than the unit cell (0th mode condition). Then effective medium

parameters such as effective refractive index neff and effective impedance Zeff can be used to characterize the transmission and reflection coefficients.

Variation of (b) neff and (c) Zeff with respect to the flange length (w) for the single slab metamaterial calculated using acoustic numerical retrieval

scattering method18,19 is as shown. Increases in the refractive index and impedance are achieved by an increased path length when w is increased. (d) The

double metamaterial slab can also be viewed as a single slab where the effective material parameters arise by coupling between the metamaterial-gap-

metamaterial. Calculated (e) effective refractive index and (f) effective impedance of single and double metamaterial slab for frequencies between 100 and

1600 Hz are as shown. The single slab behave as resistive component having only a real component of the effective impedance, while the double slab

behave as LC components having both real and imaginary components between 1060 Hz and 1600 Hz.
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double walled cavity with a width of L 5 100 mm and placed a point
source at the center of the cavity. This was compared to the case with
no metamaterial cavity. The acoustic intensity field profiles at
resonance, at off-resonance, and with no metamaterial clearly
show that the acoustic signal at FP resonance is confined within
the cavity at the fundamental FP resonance frequency (Figs. 4a–c).
The power intensity distribution across the cavity indicates strong
local acoustic intensity enhancement inside the low impedance

200 400 600 800 1000 1200 1400 1600
0.0

0.2

0.4

0.6

0.8

1.0

R
ef

le
ct

io
n 

C
oe

ffi
ci

en
t

Frequency, Hz

Experiment

Theory

200 400 600 800 1000 1200 1400 1600
0.0

0.2

0.4

0.6

0.8

1.0

Frequency, Hz

Experiment

TheoryR
ef

le
ct

io
n 

C
oe

ffi
ci

en
t

Metamaterial Slab

Source

Upstream
Detectors

Aluminum Duct

Metamaterial
 Slab 1  Slab 2

Source

Aluminum Duct

a

b

Downstream
Detectors

Upstream
Detectors

Downstream
Detectors

Figure 3 | Reflection coefficient measurement. Measured (black) and

calculated (red) reflection coefficients of a (a) single slab and (b) double

slab aw shown, respectively. The reflection coefficient was measured by an

upstream microphone using the source as the reference signal. The

transmission loss was measured by a downstream microphone, shown in

Fig. S2. The theoretical results were calculated using power intensity values

found using the finite element package COMSOL.

a b c

d

e

500 1000 1500 2000 2500
0

10

20

30

40

50

P
ow

er
 In

te
nt

is
y,

 a
.u

Frequency, Hz

 g = 10 mm
 20 
 30 
 No Structure

Sound
Enhancment

Sound
Suppression

p = 2.5

 g = 20 mm
p = 2.5

Distance from Point Source, mm

P
ow

er
 In

te
nt

is
y,

 a
.u

Metamaterial
Slab 1

Metamaterial
Slab 2

Air
Gap

-40 -20 0 20 40
0

100

200

300

400

500

600

Figure 4 | Theoretical analysis of the double-walled metamaterial cavity.
Profiles of the pressure field distribution (a) at acoustic emission

enhancement regime (resonant frequency of 1060 Hz), (b) at acoustic

suppression regime (above 1060 Hz), and (c) with no structure. A point

source was placed inside the cavity so that the intensity was 10 W/m2 at

0.001 m away from the source. (d) The acoustic pressure intensity

distribution within the cavity. The index of impedance discontinuity

confines the acoustic field within the low impedance region which results

in a significantly low effective volume. (e) Variation of the acoustic

intensity with respect to frequency for 3 different air gaps (g 5 10, 20, and

30 mm) for p 5 2.5. Sharp power intensity peaks are shown at the

respective fundamental FP resonance modes for different dimensional

parameters and sound suppression is predicted above these power

intensity peaks.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 4165 | DOI: 10.1038/srep04165 4



region reflecting reduced Veff (Fig. 4d). This reduction in the effective
volume is caused by impedance discontinuities at the subwavelength
scale27 that confine the acoustic field to the low impedance region.
The quality factor Q is estimated by using the following relationship:
Q < 1/BW where BW is the fractional bandwidth and BW of our
double-walled slab with w 5 0.5 mm and g 5 20 mm, yielding Q 5

2.9 (see supplementary material). The acoustic power intensity at the
location 40 mm from the either side of the outer wall illustrates an
approximately 10-fold enhancement at a frequency near 1060 Hz
which corresponds to the fundamental FP resonance mode for p 5

2.5 and g 5 20 mm (Fig. 4e). When g 5 10 mm, 20 fold enhance-
ment is achieved near 1500 Hz resulting from the enhancement of
the quality factor to Q 5 3.6 (see supplementary information Table
S1) and a reduced effective volume Veff, Q can be further enhanced by
increasing the path periodicity p, and the results show that the
fundamental FP resonance mode can be shifted to extremely low
frequencies (see supplement Fig. S4). As determined by the quality
factor calculation results shown in the supplement (Tables S1 and
S2), the double-walled cavity with g 5 10 mm and p 5 5 show a 2-
fold increase in the acoustic power intensity at approximately 900 Hz
(l 5 38.2 cm) due to the simultaneous enhancement and reduction
of Q and Veff, respectively (Fig. S4). In addition to this enhancement,
the results predict sound suppression regime beyond the funda-
mental FP resonance mode where the sound intensity becomes
minimal near 2500 Hz, consistent with the behavior often reported
for two adjacent holey plates18,28 (Figs. 4e–f and Fig. S3).

Measurement of sound emission enhancement. Next, we perform-
ed experiments to directly measure the acoustic field enhancement
by using a 3D rectangular cavity structure (cross section 130 mm 3

100 mm and g 5 20 mm) mounted on a rotating stage with a
simulated point source inserted inside the metamaterial cavity
(Fig. 5a–b). The sound pressure level (SPL) with (Pm) and without
(Po) the metamaterial cavity was measured 1.5 m away from the
source, and the results show significant sound emission enhance-
ment near 1300 Hz and sound suppression thereafter (Fig. 5c).
The maximum SPL gain (Pm – Po) show approximately 10 dB
gain; this experimental result (with cavity g 5 20 mm) is in
excellent agreement with the theoretical predictions with a cavity
g 5 13 mm (Fig. 5d). The discrepancy in frequency is attributed to
a smaller effective cavity volume caused by the insertion of a
cylindrical waveguide which was used to simulate the point source.
The smaller effective volume shifts the fundamental FP resonance
mode to higher frequencies consistent with the theoretical predic-
tions. We also measure the polar SPL gain by progressively rotating
the rectangular cavity by 30 degrees and find that the enhancement is
omnidirectional (see Fig. S5 and Fig. S6).

Discussion
We have shown that the designed double-walled metamaterial cavity
successfully enhances emission of sound at low frequencies, thus
demonstrating a highly miniaturized acoustic cavity. This device uses
Fabry-Perot resonance modes for sound enhancement determined
by the quality factor Q and effective cavity volume Veff. In addition,
optimal design of an acoustic cavity can be obtained by careful design
of the number of path periodicity and the gap size. Such versatility
makes this structure scalable to be used over a wide range of acoustic
frequencies allowing broad applications in many areas where remote
systems are used. We hope that such efforts presented here will widen
the footprint of metamaterials in the acoustic regime and open doors
to many more interesting applications such as acoustic sensors and
energy harvesting.

Methods
Prototype fabrication. The periodic zigzag elements were manufactured by
computer numerical control (CNC) precision machining. Each slab was inserted
within a prefabricated jig made out of aluminum to achieve desired air gap size.

Transmission and reflection measurement. A square aluminum duct (inner
dimensions of 100 3 100 mm) was used to enclose the loud speaker (sound source),
metamaterial slab (cavity), B&K 4938 quarter inch microphones (detector). The
sound source was located 1.0 m upstream of the slab and four detectors were located
both upstream and downstream of the slab. The distance between the slab and the
closest microphone was 0.1 m and the spacing between the microphones was
0.0415 m. The valid frequency range was from 100 Hz to 1600 Hz, which is limited
by both the cut-off frequency of the first acoustic mode and the spacing between the
microphones. To eliminate the effects of reflected waves, an anechoic termination was
installed at the end of the square duct.

Transmission and reflection analysis. The transmission and reflection calculations
were carried out using the COMSOL Multi-physics software package. For a finite-
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element model, we assumed the sound wave impinging on the single and double slabs
as incidence plane sound waves. Due to the periodicity, we analyzed a unit cell with
periodic boundary conditions and used perfectly matched layer (PML) absorbing
boundary conditions at the top and bottom boundaries of the unit cell.

Effective mechanical parameters. We used the retrieval scattering method adapted
for acoustic metamaterials based on the scattering coefficients calculated by
COMSOL Multi-physics software. These coefficients can be calculated by using
normally incident sound waves on a single slab and double slabs. We invert the
scattering coefficients for calculating neff and Zeff by using constitutive conditions of
passive acoustic medium: Re(Z) . 0 and Im(n) . 0.

Acoustic emission enhancement measurement. The double-walled cavity was
placed on a rotating stage at the center of an anechoic chamber. To generate a point-
like source inside the metamaterial cavity, sound generated from the compression
driver (NSU-50N) was feed through a tiny hole in the resonator by a circular
waveguide made of acrylic. The emitted sound pressure was measured by a B&K
4189-A-021 microphone 1.5 m away from the double-walled metamaterial cavity.
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