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We demonstrate 97%, 89%, and 76% transmission of sound amplitude in air through walls perforated

with subwavelength holes of areal coverage fractions 0.10, 0.03, and 0.01, respectively, producing 94-,

950-, and 5700-fold intensity enhancements therein. This remarkable level of extraordinary acoustic

transmission is achieved with thin tensioned circular membranes, making the mass of the air in the holes

effectively vanish. Imaging the pressure field confirms incident-angle independent transmission, thus

realizing a bona fide invisible wall. Applications include high-resolution acoustic sensing.
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The pioneering work by Ulrich and by Ebbesen et al.
[1,2] on the extraordinary optical transmission (EOT)
through a lattice of subwavelength holes has inspired
extensive studies on the transmission properties of electro-
magnetic waves through tiny apertures of various shapes
and decorations [3–11]. Diverse physical mechanisms re-
sponsible for EOT include surface plasmon polaritons
[1–8], waveguide modes [9], and dynamic diffraction
[10]. In the case of acoustic waves, extraordinary trans-
mission was predicted by Zhang [11] and first reported by
Lu et al. in gratings [12]. More recently, several groups
have measured the transmission properties of sound
through plates with slits and holes [13–18]. Three types
of transmission mechanism were proposed for acoustic
extraordinary transmission: periodic-lattice resonances,
Fabry-Perot–type resonances, and elastic Lamb-mode
resonances.

Independent of the mainstream EOT development,
Silveirinha and Engheta [19] theoretically demonstrated,
and it was soon after experimentally verified [20], that
electromagnetic supercoupling and enhanced energy flux
can be obtained using subwavelength channels in (dielec-
tric constant) epsilon-near-zero materials. Since the phase
velocity of an epsilon-near-zero material is extremely
large, one can posit the existence of a similar supercou-
pling effect in acoustic metamaterials with a huge effective
sound velocity; such acoustic media require either the
compressibility or the density to be almost zero [21].
Here we propose a recipe for an acoustic metamaterial in
the form of a rigid plane containing holes that give zero
effective mass for the air therein. To achieve this we make
use of holes containing tightly stretched membranes and
demonstrate by both theory and experiment an unprece-
dentedly efficient extraordinary transmission of sound
through the perforated wall.

A rigid wall reflects sound because no volume flow of air
is allowed across it. Perforating it with very small holes
does not increase the volume flow appreciably because of

the large inertance (i.e., the equivalent of inertia for sound
waves) of the air column set in motion in the hole, and most
of the acoustic intensity is still reflected. Our proposed new
mechanism for extraordinary transmission involves mak-
ing the effective mass of the air column disappear by
introducing a thin membrane. Metamaterials consisting
of arrays of thin membranes were reported to exhibit
tunable density [22–27]. We therefore install tensioned
membranes across the holes, so that the air column and
membranes form a metamaterial structure equivalent to a
unit cell of the system described in Refs. [23,24].
We first derive the transmission characteristics of plane

waves at normal incidence on a perforated wall by match-
ing the pressure p and the particle velocity u on both sides
under the assumption that the radius r of the holes and the
thickness w of the wall are very small compared to the
acoustic wavelength �. The hole separation d is assumed to
be sufficient to avoid interaction effects between adjacent
holes. Let pi, pr, pt and ui, ur, ut denote the pressure- and
particle-velocity amplitudes for normally incident plane
sinusoidal waves, where the subscripts i, r, and t denote
incident, reflected, and transmitted, respectively. Except
for the regions inside and in the near field of the holes,
the pressure- and particle-velocity amplitudes p1, u1 on the
input (left-hand) side of the wall are given by p1¼piþpr

and u1 ¼ ui þ ur. Those for the output (right-hand) side of
the wall are p2 ¼ pt and u2 ¼ ut. Pressures and particle
velocities are related by the impedance Z0 ¼

ffiffiffiffiffiffiffiffiffiffiffi
�0B0

p
,

where �0 and B0 are the density and bulk modulus of air,
respectively: pi ¼ Z0ui, pr ¼ �Z0ur, and pt ¼ Z0ut [24].
According to a lumped-element description of the system
[28], we shall define effective mass Meff and damping
coefficient beff of a hole in terms of the relation

ðp1 � p2Þ�r2 ¼ Meff
€�þ beff _�; (1)

where � is the average displacement of the air column in
each hole. This expression is applicable for both bare and
membrane-covered holes.
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Here we confine our geometry tow, r, d � �. Therefore
the effective length of the air column l0 � wþ 1:7r [28] is
small compared to the wavelength (i.e., l0 � �), and it is
not necessary to consider internal (vibrational) motion of
the air column. Contrary to the present case, Fabry-Perot–
type acoustic extraordinary transmission requires l0 � �.
In that case, Eq. (1) is applicable for the motion of the
center of mass of the air column, and more equations are
needed to describe the internal motion and standing wave
formation responsible for the Fabry-Perot–type extraordi-
nary transmission [12,15–17]. In our case, the treatment
is much simpler because there is no internal motion.
Moreover, since the volume �r2l0 of the air column is so
small, we can ignore the volume expansion and take
u1 ¼ u2, uiþur¼ut; and 1�R¼T, where R and T are

pressure amplitude reflection and transmission coeffi-
cients. Equation (1), together with the harmonic expression
�ðtÞ ¼ �0 expð�i!tÞ, lead to

T ¼ 1

1þ A
2Z0�

2r4
ðbeff � i!MeffÞ

; (2)

where A is the area of a metamaterial unit cell, or, for the
case of a single hole in a tube, the tube inner cross-
sectional area. A more detailed derivation of Eq. (2) is
given in the Supplemental Material [29].

We first tested the transmission characteristics of a one-
hole rigid circular wall with the setup of Fig. 1(a). Midway
along a circular tube of length 2.3 m and 100-mm inner
diameter we set a 5-mm thick aluminum wall with a
17-mm diameter hole at its center. This corresponds to a
filling factor (i.e., areal coverage fraction) � ¼ �r2=A ¼
0:03. Tunable single-tone kHz sound (�� 0:3 m) was sent
from the loudspeaker at one end of the tube to measure T
and R at normal acoustic incidence.

With the hole open (without the membrane), we mea-
sured only 3.5% of the incident acoustic intensity passing
through, as shown by the open triangles in Fig. 1(b). This
figure also shows the theoretical prediction (dashed curve)
from Eq. (2). We used Meff ¼ Mair ¼ �r2l0�0, where l

0 ¼
wþ 2�l is the effective length of the air column with the
end correction �l � 0:85r [28]. This approximation
gradually becomes worse as the filling fraction� increases,
as can be seen by considering the extreme case � ¼ 1, i.e.,
that of no wall (where �l ¼ 0). A better approximation is
the use of �l ¼ �r, with the parameter � chosen to be an
appropriate monotonically decreasing function of �.
Rayleigh [30] demonstrated theoretically that � also has
a weak dependence on the ratio w=r: in the case � � 1, �
varies from 0.785 (w=r � 1) to 0.849 (w=r � 1). Our
choice � ¼ 0:85 produces a reasonable fit to our bare-
hole experiment with w=r ¼ 0:6 and � ¼ 0:03.

The damping coefficient is beff ¼bair�2�rl0ð�0!�=4Þ,
where � is the viscous skin depth (�=r � 0:008) [31]. The
damping coefficient bair is much smaller than the inertia

term !Mair, and bair can thus be neglected (to better than
1% accuracy).
When we install a 0.01-mm thick low density,

920 kg=m3, polyethylene tensioned membrane jTj2
increases to a maximum of 79% (or T � 0:9) at the reso-
nance frequency of 1.22 kHz (see solid circles). Apart
from the presence of dissipation that slightly reduces the
transmission, at this frequency the wall is close to being
invisible. The restoring force from the membrane
adds a negative term to the effective mass: Meffð!Þ ¼
Mair þMmem � k=!2 [23], where Mmem and k are the
mass and spring constant of the membrane, respectively.
[Equation (2) for this case becomes a low-frequency ap-
proximation to a more general relation given in Ref. [22].]

At resonance, !0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k=ðMair þMmemÞ

p
, the effective

mass, the dominant term in the parenthesis in Eq. (2) at
other frequencies, becomes zero, and T is significantly
enhanced. (The condition for zero Meff is graphically
represented in the Supplemental Material [29].) When
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FIG. 1 (color online). (a) Setup. A probe microphone near the
tube walls probes the pressure. (b) Transmission intensity coef-
ficient jTj2. (c) Reflection intensity coefficient jRj2.
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theMeff term disappears, T is governed by beff . Rather than
theoretically determining the damping beff ¼ bair þ bmem,
we extract it from the experimental value of transmission
coefficient at the resonance frequency of 1.22 kHz, Tres �
0:89, using the relation beff ¼ ð2Z0�

2r4=AÞðT�1
res � 1Þ de-

rived from Eq. (2). This yields beff ¼ 6:7� 10�4 kg=s.
The excellent agreement of the theoretical curve–using
the measured !0 but no further adjustable parameters—
with experiment in Fig. 1(b) (solid curve) supports this
approach. (An expression for the Q factor of the resonance
is derived in the Supplemental Material [29].)

Figure 1(c) shows the corresponding reflection data for
jRj2 and theoretical fits obtained using R ¼ 1� T, show-
ing good agreement with experiment. On resonance, most
of the acoustic energy is strongly reflected from the wall
with the hole, but with the membrane in place no detect-
able reflection was observed; much of the incident energy
is funneled into the small hole covering only 3% of the wall
area, giving a particle velocity inside the holes 31 times
greater than that of the incident wave. In other words, there
is a (jTj2=�2 � 950)-fold energy density intensification in
the hole. Since the hole areal coverage affects the wave
energy concentration in the hole, we tried a smaller,
10-mm diameter hole in an otherwise identical setup
with filling factor � ¼ 0:01. At a resonance at 1.22 kHz
we observed a 6% reflection and a 57% transmission in
terms of intensity (76% in amplitude). Even though we lose
37% of the energy to viscous losses, the particle-velocity
enhancement increases to 76 and the energy density inten-
sification to 5700. This remarkably high experimental
value is around 2 orders of magnitude better than the
previous record in acoustics [12]. The use of a zero effec-
tive mass stemming from the membrane has greatly
improved the efficiency.

Having verified the zero-mass principle with a single
hole, we turn to the case of a metamaterial consisting of a
periodic hole array. From the symmetry of the setup, the
normally incident plane waves are expected to remain
plane on transmission to the acoustic far field. To experi-
mentally confirm this, we constructed an array of four
holes drilled along the bisecting line of a rectangular rigid
acrylic plate of thickness 5 mm, as shown in Fig. 2(a),
placed in a rectangular cross-sectional duct. This setup
accommodates two-dimensional (2D) plane waves gener-
ated by an array of four speakers at the duct entrance, as
can be seen from top-view schematics in Fig. 2(a). The
filling factor of the four-hole plate, � ¼ 0:03, was fixed by
the choices r ¼ 8:5 and d ¼ 88:6 mm, respectively, where
d is the array period. The wall was first installed perpen-
dicular to the direction of incidence (incidence angle
� ¼ 0�). Figure 2(b) shows the measured instantaneous
2D pressure distributions at 1.20 kHz for the three cases of
no wall, wall with bare holes, and perforated wall with
resonantly vibrating membrane-covered holes (from top to
bottom, respectively), obtained using a scanned probe

microphone near the top of the duct. The wall with the
bare holes seriously hinders the transmission, but with
the membrane installed the transmission becomes, as
expected, almost as good as with no wall. Our plane-
wave assumption is also borne out by this data. Since the
microphone at the top of the duct is located about 40 mm
above the holes, near-field variations are not apparent even
when it scanned along a line close to the wall.
Following similar experiments in plasmonics and acous-

tics, Fig. 2(c) compares the measured transmission of
the perforated walls installed for the case of a nonzero
angle of incidence, here � ¼ 30�, for both bare holes and
membrane-covered holes. It is evident that the strong
oblique reflection in the case of bare holes results in a

0

10

20

30

17.5

10
5

Holes

(a)
anechoic wall

perforated wallloudspeakers

0

1.5

-1.5
0

35

10

20
No wall

Membranes

2.0

-2.0

0

1.0

-1.0

(b)

(c)

(d)

(cm)

(cm)

(cm)

(cm)

0

35

10

20

(cm)

40 60 100 120 1558020 140 (cm)

0

35

10

20

(cm)

40 60 100 120 1558020 140 (cm)

Holes

Membranes

40 60 100 120 1558020 140 (cm)

0

10

20

30(cm)

40 60 100 120 1558020 140 (cm)

0

1.5

-1.5

2.0

-2.0

0

1.0

-1.0

2.0

-2.0

0
1.0

-1.0

40 60 100 120 1558020 140

0

1.5

-1.5

0

1.5

-1.5

Holes

Membranes

40 60 100 120 1558020 140 (cm)

40 60 100 120 1558020 140 (cm)

0

0

17.5
10
5

(cm)

FIG. 2 (color online). (a) Setup (top view). (b) Images (inter-
polated from 2D arrays of points on square lattices—32 points
along the duct axis) of the instantaneous pressure distribution at
1.2 kHz for no wall, a perforated wall with bare holes, and a wall
with otherwise identical membrane-covered holes. (c) Images
for the case of a perforated wall for acoustic incidence at
� ¼ 30�. (d) Equivalent images for � ¼ 60�.
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complicated interference pattern. In contrast, the
membrane-covered holes show no such pattern, somewhat
astonishingly, owing to negligible reflections from the
tilted wall under otherwise identical conditions to the
normal-incidence case. Moreover, the wave is again trans-
mitted almost as if the wall were not present. Figure 2(d)
shows a similar experimental result for � ¼ 60�. The
experimentally determined jTj2 and jRj2 for the six inves-
tigated cases are listed in Table I, demonstrating excellent
transmission when the membranes are installed. Clearly
the fixed membrane resonance frequency involved in our
zero-mass metamaterial enables this incident-angle inde-
pendence. This presents a significant advance compared
to other extraordinary acoustic transmission investigations
that all involve angle-dependent resonances [12,16,17]
(arising from �� d).

The experimental data shown in Fig. 2 suggest that on
resonance the perforated wall with membranes should be
effectively invisible for any incident angle �, implying that
an arbitrarily shaped wave front should also be efficiently
transmitted. To verify this for the case of diverging waves,
we constructed a 2D rectangular space containing a point
source and a brass wall of thickness 3 mm perforated by a
line of holes arranged along its bisecting line. Top and
bottom containing plates of dimensions 900� 740 mm2

are placed parallel and 20 mm apart, and are blocked at
the edges by anechoic walls. Figure 3 shows top views of
the instantaneous pressure distributions at 1.9 kHz for the

cases of no wall and a wall with 37 membrane-covered
holes of radius r ¼ 3:5 mm and separation d ¼ 20 mm
(� ¼ 0:10, with T ¼ 0:97 and 94-fold energy density
intensification in the holes determined from separate
resonant plane-wave experiments). It is clear that, on reso-
nance, the wave from the point source propagates unhin-
dered by the wall, rendering it effectively invisible for
acoustic waves at any incident angle.
In conclusion, we realize zero-mass metamaterials by

making the inertance of membrane-covered air holes close
to zero. We thereby experimentally and theoretically
demonstrate a new mechanism for acoustic extraordinary
transmission. For a filling fraction of 3% we observe, on
resonance, that 79% of the incident acoustic energy in air is
transmitted through the holes (89% in amplitude) while
maintaining the wave propagation direction independent
of the angle of incidence. For a filling fraction of 1% we
obtain a 57% transmission intensity (76% in amplitude);
this implies that on resonance the particle velocity inside a
hole is 76 times greater than that of the incident wave,
corresponding to an intensification of the acoustic energy
density by the giant factor of 5700. Such a high concen-
tration of acoustic energy into a small hole of radius
r ¼ �=56 enables sensitive detection of acoustic signals
with subwavelength resolution: in optics, such subwave-
length intensity concentration is used in scanning near-field
optical microscopy [3], and the present work not only opens
the way to the efficient realization of its acoustic counter-
parts in fluid ultrasonics and underwater acoustics, but also
to the analogous realization in solid-state ultrasonics.
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