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This letter demonstrates the mechanical tuning of modes confined in two-dimensional acoustic
cavities based on anisotropic metafluids. The employed metafluids have been designed with
effective parameters such that the radial component of the sound speed tensor keeps constant and the
acoustic impedance remains finite along the tuning. It is shown that mode frequencies can be
mechanically down shifted to extremely low values. Experiments confirm the model predictions and
let us to conclude that this type of resonators can be employed for the miniaturization of standard
resonators based on isotropic fluids such as air. © 2011 American Institute of Physics.
�doi:10.1063/1.3599849�

Acoustic metamaterials or metafluids are artificial
structures whose dynamical behavior is new in comparison
with that exhibited by materials available in nature. Metaflu-
ids are made of subwavelength solid units and their acoustic
parameters can be obtained by effective medium theories.
Those with negative parameters �negative bulk modulus,
negative mass density, or both simultaneously� have been
already demonstrated,1–3 and many interesting applications
have been envisaged based on them. However, we focus on
metafluids having anisotropic dynamical mass density, a
property required to build fascinating devices such as cloak-
ing shells,4 acoustic hyperlenses,5 or radial sonic crystals.6,7

Anisotropic dynamical mass density in two-dimensions
�2D� has been obtained by using nonsymmetric lattices �i.e.,
other than hexagonal or square� of rigid inclusions in air.8–10

Previously, Bradley11 demonstrated that multilayered fluid–
fluid structures with different dynamical mass densities can
be obtained by using planar waveguides with corrugated sur-
faces. These one-dimensional �1D� periodic systems behave
in the low frequency region such as an effective fluid with a
tensorial mass density with diagonal components �xx and �yy,
where the x-direction defines the 1D periodicity. This ap-
proach has been applied to produce cylindrical mass aniso-
tropy by using radially corrugated surfaces,12 being �r and ��

the components of the mass density tensor. Dynamical mass
anisotropy along the Cartesian directions has been also re-
cently demonstrated.13

This letter shows that anisotropic metamaterials can be
used to build broadband acoustic resonators where modes
with extremely low frequencies can be attainable. This pro-
posal has been verified by constructing a 2D acoustic cavity
consisting of a specially designed substrate composed of a
corrugated bottom surface and a flat top plate, both made of
aluminum �Al� and separated by a spacer filled with air. It is
shown that the confined modes can be mechanically adjusted
within a broad range of frequencies. It is also observed that
the frequency of the dipolar mode reaches a very low value,
which is mainly determined by the precision of our drilling
mechanical tools.

Cylindrically anisotropic metamaterial periodically cor-
rugated along the radius substrate and a flat top plate has
been reported in Ref. 12. Figure 1�a� depicts a schematic
view of the substrate and a picture of an actual sample,
which consists of circular grooves of certain thickness, d1,
separated by a distance, d2, with periodicity, d=d1+d2. The
resulting waveguide �substrate, top, and air� behaves as an
anisotropic metafluid characterized by a tensorial dynamical
mass density with components �r and �� and a scalar bulk
modulus B.8 If a harmonic sound wave with linear frequency
� propagates through this effective fluidlike material, the
pressure field is described by a linear combination of real-
order Bessel functions14

P�r,�;�� = �
q=0

+�

AqJq��2��r/cr� cos�q� + �q� , �1�

where q are integers, �=��r /�� is the anisotropy factor, and
cr=�B /�r is the radial component of the sound speed tensor.
Finally, Aq and �q are indefinite constants.

Acoustic cavities can be easily made from these struc-
tures by enclosing the waveguide inside a circular region of
radius R0. The frequencies of the resonant modes in these 2D
acoustical cavities are obtained from the rigid wall condition
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FIG. 1. �Color online� �a� Schematic view of a radially periodic structure
employed in Ref. 12 to develop cylindrically anisotropic metafluids �left�
and its physical realization �right�. �b� Schematic view of the periodic struc-
ture studied in this letter �left� together with its physical realization �right�.
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at the cavity boundary,15 i.e., ��P /�r�r=R0
=0. The following

transcendental equation was obtained:12

Jq�� �2��nqR0/cr� = 0, n = 1,2, . . . , �2�

where J�q� � · � stands for the derivative of Bessel function of
order q�.

Since we are interested in low frequency modes, we use
the small-argument approximation for the Bessel functions16

to obtain the lowest zero of Eq. �2�,

�q 	
cr

�R0

�q

2
�1/2

q = 0,1,2, . . . . �3�

Note that subindex n has been suppressed since, in this letter,
we will only analyze q-modes of lower order, i.e., n=1 for
every q. This equation shows that, for fixed R0 and q, there
are two options to obtain low-frequency resonances; one is to
reduce the speed component cr and the other is to decrease
the anisotropy factor �. Both ways are possible within the
approach presented here, but decreasing cr hinders the
propagation of sound as well as increases the cylinder’s
surface impedance, which is a fundamental drawback for
the possible applications of these structures as acoustic
metamaterials.17 Therefore, to obtain modes with extremely
low frequencies we consider that reducing � in Eq. �3� is the
best option.

Recall that structures shown in Fig. 1�a� have been mod-
eled as radially periodic fluid–fluid systems, which for the
simplified case of layers with equal thickness, d1=d2=d /2,
the sound speed components and the anisotropy factor are12

cr
� = cb

2

�1 +
h1

h2
1/2�1 +

h2

h1
1/2 ; c�

� = cb; �� = c�
�/cr

�,

�4�

where cb is the airborne sound speed, h1 is the separation
between substrate and top plate, and h2 is the distance be-
tween the bottom of the grooves drilled in the substrate and
the top plate. These parameters were obtained under the as-
sumption that Al is perfectly rigid and, therefore, sound
waves only propagate through air.

Starting from these structures it is possible to obtain the
type of structures shown in Fig. 1�b� by applying a transfor-

mation that switches the r̂ and �̂ axes. The components of the
transformed mass density tensor are obtained by changing
��

�→�r and �r
�→��. Moreover, the bulk modulus only de-

pends on the filling fraction, which is the same in both struc-
tures and then B�→B. Therefore, the sound speed tensor and
the anisotropy factor are now,

cr =�B�

��
� = cb; c� =�B�

�r
�

= cb
2

�1 +
h1

h2
1/2�1 +

h2

h1
1/2 ; � =

c�

cr
=

1

��
. �5�

These parameters have the property needed to safely obtain
low frequency modes by decreasing the ratio h1 /h2, that is to
say, their sound speed component �r is kept constant and the
acoustic impedance �rcr remains finite along the tuning.
Thus, for structures such that h1	h2, ��2�h1 /h2, and,

therefore, a reduction in the ratio h1 /h2 produces smaller
values of �. Since h1 /h2 is determined by the distance be-
tween substrate and top plates, a redshift of resonant frequen-
cies should be produced by approaching both plates toward
each other.

To demonstrate the previous predictions a sample cavity
of radius R0=52 mm was constructed with an adjustable top.
The bottom surface, which is shown in Fig. 1�b�, consists of
nine 5 mm deep triangular shaped ditches drilled in the Al
plate. The distance h1 was adjustable by a screw placed at the
cavity center. Acoustic characterization has been made as
described in Ref. 12. In brief, an external loudspeaker is used
to excite white noise inside the cavity, and the cavity re-
sponse is measured by two microphones, one located at the
cylinder axis and another off-axis to check the mode’s sym-
metry. The air sound speed, cb, was first measured in an
empty cavity �no metamaterial inside� with the same diam-
eter and the value 344.46 m/s was obtained.

Figure 2 shows the spectra measured for several cavity’s
ratios h1 /h2. It is observed that the monopolar resonance
keeps its position when the ratio decreases while higher or-
der resonances �q=1,2 ,3� are redshifted. This behavior is
physically understood since the frequency of the q=0 mode
only depends on cr, which according to Eq. �5� is equal to cb.
On the other hand, higher order modes are shifted down in
frequency as predicted by Eq. �3� when h1 /h2→0 and, there-
fore, resonances with near-zero frequency should be theoreti-
cally possible.

In the limiting case in which h1�0 �last spectrum in Fig.
2� all the nonmonopolar frequencies should converge to that
of the corresponding q=0 mode since Jq�� �x�→J0��x� when
�→0. In other words, a zero-frequency resonance should
exist, in principle, for q=0 since J0��0�=0. But this resonance
will be never observed due to the fact that the ideal case
h1=0 �perfect contact between substrate and top plates� cor-
responds to nine uncoupled triangular cavities. However, this
limit is impossible to achieve by any sample because of un-
avoidable defects or inhomogeneities existing on both plate’s
surfaces produced during the fabrication process. For ex-
ample, if we consider that the surface roughness due to the
precision of the drilling machine is about 
, the minimum
distance between both surfaces h1�2
, and the minimum

FIG. 2. �Color online� Spectra taken inside the cavity made of corrugated
samples with different ratios h1 /h2. The peaks correspond to resonances
with different polar symmetry. Note that the frequency of dipolar mode
�q=1� is redshifted by decreasing the ratio h1 /h2 while the frequency of
monopolar mode �q=0� is kept constant.

244102-2 Spiousas, Torrent, and Sánchez-Dehesa Appl. Phys. Lett. 98, 244102 �2011�

Downloaded 15 Jun 2011 to 170.210.73.13. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



resonant frequency that would be measured corresponding to
the q=1 mode is

�1 �
cb

�R0

2


h2
�1/4

. �6�

For the dimension of our cavity sample and considering the
maximum precision of the drilling tool 
�0.01 mm, the
lowest attainable frequency is �1�0.5 kHz.

For a further support of the effect discussed above, we
have fabricated in the same plate two acoustic cavities with
equal radii �R0=25 mm� but containing two different fluid-
like materials. The substrates of both cavities are shown in
the inset of Fig. 3. The cavity on the left is a hollow cavity
that contains air �an isotropic fluid�. The one on the right
contains an effective anisotropic fluid made of an artificial
structure with parameters described by Eq. �5�.

Spectra for both cavities were simultaneously taken and
are depicted in Fig. 3, where it is noticed the redshift of the
dipolar mode when it is confined in the anisotropic cavity.
From the natural frequency shift and the anisotropy factor we
can calculate an “apparent diameter,” D�, which is defined as
the diameter of a hollow cavity having the dipole confined at
the same frequency than that of the anisotropic cavity. It is
given by the condition J���2��nqR0 /cr�=0, which for the an-
isotropic cavity under study gives the value D�=75 mm.
This value, which is 1.5 times larger than its actual diameter,
let us to conclude that acoustic cavities made of anisotropic
fluidlike materials allow the confinement of low frequency
modes in reduced dimensions, smaller than that confined in
cavities based on isotropic materials.

To verify the model employed in the description of the
metafluids studied here, we have extracted the parameters
from the measured frequencies by using the expressions in
Eq. �2�. The results are given by symbols in Fig. 4 and are
compared with that �continuous lines� obtained from Eq. �5�.
Note that, discrepancies between model and experimental
values for � and c� are larger for larger values of ratio h1 /h2,
which might be due to the fact that Eq. �2� is more accurate
for lower frequency values. Also, the model gives a system-
atic underestimation of about 6% in the value of cr, which
might be due to some artifact in the experimental setup, such
as the existence of a rigid cylinder at the cavity center �the
screw�. Moreover, another source of error in the model is the

fact that it does not consider any interaction between evanes-
cent modes generated in the structure.

In summary, acoustic metamaterials or metafluids with
cylindrical mass anisotropy have been employed to build
mechanically tunable 2D acoustic resonators. Anisotropic
metamaterials are designed and constructed to theoretically
allow the tuning of the resonant frequencies up to near-zero
values. The predicted near-zero-frequency limit could not be
observed due to sample imperfections during fabrication pro-
cess. Nevertheless, it has been demonstrated that resonators
based on anisotropic metafluids have their modes localized at
lower frequencies than that based on isotropic materials with
the same dimensions. We conclude that anisotropic metaflu-
ids such as those analyzed here can be employed in the min-
iaturization of standard acoustic resonators consisting of iso-
tropic fluids such as air.

We acknowledge support from Office of Naval Research
�Grant No. N00014-09-1-0554� and from the Spanish Minis-
terio de Ciencia e Innovación under projects with Grant Nos.
TEC2010-19751 and CSD2008-00066 �CONSOLIDER Pro-
gram�. D.T. acknowledges a fellowship provided by the pro-
gram Campus de Excelencia Internacional 2010 UPV.

1N. Fang, D. Xi, J. Xu, M. Ambati, W. Srituravanich, and X. Zhang, Nature
Mater. 5, 452 �2006�.

2Z. Yang, J. Mei, M. Yang, N. H. Chan, and P. Sheng, Phys. Rev. Lett. 101,
204301 �2008�.

3S. H. Lee, C. M. Park, Y. M. Seo, Z. G. Wang, and C. K. Kim, Phys. Rev.
Lett. 104, 054301 �2010�.

4S. A. Cummer and D. Shurig, New J. Phys. 9, 45 �2007�.
5J. Li, L. Fok, X. Yin, G. Bartal, and X. Zhang, Nature Mater. 8, 931
�2009�.

6D. Torrent and J. Sánchez-Dehesa, Phys. Rev. Lett. 103, 064301 �2009�.
7D. Torrent and J. Sánchez-Dehesa, New J. Phys. 12, 073034 �2010�.
8D. Torrent and J. Sánchez-Dehesa, New J. Phys. 10, 023004 �2008�.
9J. B. Pendry and J. Li, New J. Phys. 10, 115032 �2008�.

10B. I. Popa and S. A. Cummer, Phys. Rev. B 80, 174303 �2009�.
11C. E. Bradley, J. Acoust. Soc. Am. 96, 1844 �1994�.
12D. Torrent and J. Sánchez-Dehesa, Phys. Rev. Lett. 105, 174301 �2010�.
13L. Zigoneanu, B. I. Popa, A. F. Starr, and S. A. Cummer, J. Appl. Phys.

109, 054906 �2011�.
14L. W. Cai and J. Sánchez-Dehesa, New J. Phys. 9, 450 �2007�.
15P. M. Morse and K. U. Ingard, Theoretical Acoustics �Princeton University

Press, New Jersey, 1986�.
16M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions

�Dover, New York, 1964�.
17D. Torrent and J. Sánchez-Dehesa, arXiv:1106.1836 �unpublished�.

FIG. 3. �Color online� Spectra simultaneously taken in two acoustic cavities
with identical diameters; one contains an isotropic fluid �air� and the other
contains a metafluid with anisotropy factor �=0.55. The inset shows a pic-
ture of the cavities’ substrates both drilled on the same aluminum plate.

FIG. 4. �Color online� Symbols with error bars represent experimental data
for the components of the sound speed tensor relative to that of the back-
ground �circles and squares� and the anisotropy factor �triangles�. Lines give
the values obtained by the analytical model. Note that lines describing the
behavior for � and c� /cb overlap.
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