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Acoustic superlens using membrane-based metamaterials
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We report construction of an acoustic superlensing using two dimensional membrane-based
negative-density metamaterials. When two point sources separated by a distance of 1/17 of the
wavelength are placed near to a surface of the metamaterial slab, well-resolved images are formed
on the opposite surface across the slab. The mechanism for the subwavelength resolution is the
surface wave stemming from negative density. Potential applications include acoustic imaging and
sensing. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907634]

Electromagnetic or acoustic waves emitted from a
source include evanescent waves conveying the subwave-
length information. Decaying evanescent waves are respon-
sible for the diffraction limit and hence, focusing waves into
spot sizes smaller than one third of the wavelength (1) is not
possible using conventional methods. Overcoming the dif-
fraction limit has been an important issue for high resolution
imaging. The most fascinating idea is probably that a me-
dium of negative index of refraction, not naturally existing,
can strongly amplify the near-field evanescent waves and so
perfectly focus all the information of the source.' Since then,
the superlens concept has been evolved and several experi-
mental demonstrations have been reported by using various
electromagnetic metamaterials with negative index of refrac-
tion, negative permittivity, or negative permeability at opti-
cal, microwave, or infrared frequencies.zf12

The theoretical and experimental success of the electro-
magnetic metamaterials has led to analogous acoustic meta-
materials and the realization of acoustic metamaterials with
negative density and/or negative modulus has been demon-
strated.’*™'® As an approach to the development of an acous-
tic superlens, ultrasound-focus of 4/2 was experimentally
demonstrated by using an array of Helmholtz resonators
filled with water, which mapped to negative mass density
and negative compressibility by transmission line model."
A flat lens of a phononic crystal exhibiting negative refrac-
tion, albeit in Bragg scattering scheme, was reported to be
able to focus up to 0.371.2° Recently, a 3D holey-structured
metamaterial was reported to achieve acoustic imaging down
to a feature size of /50 as a result of Fabry-Pérot resonan-
ces.”! Here, we present a realization of acoustic imaging
with /17 resolution by first using a membrane-based
negative-density metamaterial which can highly localize sur-
face waves and so amplify the evanescent waves.

Even though first proposed superlensing was using dou-
ble negative materials, single negative electromagnetic
metamaterial slabs also have been used to construct success-
ful superlenses.”®'*!? Also, acoustic single negative meta-
materials with negative density(p-NG metamaterial) were
theoretically and numerically demonstrated to be capable of
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making superlensing.?” In Ref. 22, it was shown that a point
source placed at a close distance from the surface of the p-
NG metamaterial slab excites a surface vibration pattern on
the surface, which generates evanescent waves in the bulk of
the p-NG metamaterial. In case the thickness of the slab is
not too thick, another surface vibration pattern of the same
shape is excited by the tail of the evanescent wave on the
other surface across the slab. This vibration pattern produces
the image with subwavelength resolution. Although the
p-NG metamaterial can highly localize surface waves over a
wide range of the evanescent wave vectors, dimension of a
unit cell and structural dissipation lead to practical limita-
tions on resolution beyond the diffraction limit. The struc-
tural dissipation could be controlled in the membrane-based
two-dimensional p-NG metamaterial to a remarkably small
level by our group.* In this work, we report a demonstration
of acoustic superlensing by fabricating membrane-based
two-dimensional p-NG metamaterial with a lattice constant
as small as A/17. Our superlens sharply resolves two sound
waves separated by a distance of the lattice constant.

Fabricating the negative-density metamaterial using
membrane needs very careful treatment. Our design for
membrane-covered unit came from an embroidery hoop
which consists of two rings with slightly different diameters.
We prepared three kinds of units made of plastics: (i)
25 mm x 25 mm square of thickness 1.5 mm with a shallow
cylindrical opening of diameter 18 mm and height 2.6 mm in
the center, (ii) an outer ring of diameter 18 mm and thickness
1.3 mm, and (iii) a joint which can connect four squares as
shown in the small box at the right bottom of Fig. 1(a). Each
opening was covered tightly by low-density polyethylene
film of thickness 0.01 mm using the ring. The membrane-
covered square units were left saturated in the sense that the
resonant frequency was stabilized in the environment, while
monitoring the changes of the resonant frequencies. The res-
onant frequency of each unit was fine-tuned with tiny mass
to have the same value. Two-dimensional slab of size
84 mm x 480mm as shown in Fig. 1(a) was assembled by
116 membrane-covered units which have the resonance fre-
quency, f,,, = 690 = 2 Hz.

The assembled structure exhibits a negative effective
density at frequencies below a certain cutoff frequency (,)
such as*>??

© 2015 AIP Publishing LLC
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FIG. 1. Superlensing slab made of membrane-based acoustic metamaterial.
(a) Metamaterial slab is consisting of 116 plastic squares, each with a circu-
lar window. The circular openings are coved with thin membranes and the
assembled metamaterial has a lattice constant, @ =28 mm. (b) The negative-
density superlens is sandwiched in between two rigid plastic plates of
dimensions 900 mm x 480mm x 5mm the edge of which is closed by
anechoic walls. The object and the image lines are located 20 mm from the
left and the right interfaces between the air and the metamaterial,
respectively.
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where p’ is the averaged mass density of the air and mem-
brane. The effective modulus is equivalent to the air modulus
in this system.23 On the other hand, the wave vector (k,) of
the surface waves at the interface between the air and the
metamaterial can be explicitly expressed as

Pegr (@)
— 2
Po + Pegr (@)

where kq and pg are the wave vector in the air and the density
of air, respectively. It is clear that the wave vector of the sur-
face wave reaches asymptotically infinity when p s — —po.
It occurs at the frequency, w = w,./ V2 if assuming that
p' & p,. The cutoff frequency can be roughly estimated from
the resonance frequency f,, of the membrane-covered square
unit by following the theoretical analysis'® which yields an
approximate relation, w. & \/M,,/(p'V)w,,. M, is the effec-
tive mass determining the resonance frequency w,,, V is the
effective volume of the unit cell of the metamaterial, and
,, =27f,,. With the approximation, p’ &~ p, again, the pro-
portional coefficient between two frequencies o, and w,, can
be obtained by the ratio of the effective length (/,,) of the air
column moving together with the membrane in a single
square unit to the lattice constant of the metamaterial, i.e.,
\/ln/a. Hence using that /,, ~55.3 mm from the experimen-
tal setup for the measurements of w,,, a=28mm, and
fm=0690Hz, the cutoff frequency is roughly estimated as
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[ ~970 Hz, suggesting the diverging wave vector of the sur-
face waves at the frequency near 686 Hz. This crude estima-
tion turns out to be only 4% off from the experimentally
observed value of 714 Hz below.

For experimental measurements, two plastic plates of
size 900 x 480 mm?” and thickness 5 mm were placed on the
top and the bottom of the metamaterial and the edge-gap
between the plates was closed with an absorber. The object
and the image lines were prepared at 20 mm apart from the
left and the right interfaces between air and the p-NG meta-
material, respectively, as shown in Fig. 1(b).

To demonstrate that sound waves emitted from a point
source really do focus in subwavelength by enhancing the
evanescent waves through the p-NG metamaterial we fabri-
cated, a single speaker of diameter 20 mm was placed at the
middle of the object line and the pressures on and up to 30 mm
beyond the image line were measured by scanning a micro-
phone. The radiation pattern of the small loudspeaker is circu-
lar and the radiation pressure rapidly decreases with the
distance when there is no metamaterial slab. On the other
hand, when p-NG metamaterial slab is placed in front of the
speaker, a surface vibration pattern is excited on the metamate-
rial surface across the slab, and it generates the image of the
small loudspeaker, making the pressure intensity at the focus
much bigger than that at the same place without the metamate-
rial slab. We found that the incident sound waves of a fre-
quency 714 Hz made a sharp image on the image line. Fig.
2(a) shows the pressure-intensity profile of the sound waves af-
ter passing through the p-NG metamaterial slab. In Fig. 2(b),
pressure distribution data on the image line, with and without
the metamaterial slab, are shown in red and blue dots, respec-
tively. Notably, the width of the peak is narrowed by a factor
of 10 from about 1/2 without the slab to 4/22 by inserting the
slab. To clearly compare the widths of the peaks, the intensities
are normalized to have the same height, but the peak intensity
with the metamaterial is 17 times higher than that of the case
without it. This remarkable energy concentration is due to ex-
citation of surface waves of many different wavelengths which
add up to make the sharp peak. Since acoustic wave equation
for air is valid in the space beyond the metamaterial slab, this
concentrated intensity in the image line is expected to radiate
as if it is a point source. This intensity on the image line was
about 78% of that of the incident sound just before entering
the slab. Therefore, the metamaterial slab provided an effective
channel for sound transmission in this special fashion.

To observe a subwavelength resolution of two point
sources using our structure, two identical speakers separated
by a distance of lattice constant 28 mm or 4/17 were placed
at the object line. For the purpose of the best resolution, the
speakers were activated to generate out-of-phase sounds of
frequency 714Hz to each other so that the two incident
waves were clearly distinguished. The radiation pattern of
two speakers is just like two circular waves interfered in out-
of-phase when there is no p-NG metamaterial slab. The
pressure-intensity profile after passing through the p-NG
metamaterial slab, as shown in Fig. 3(a), demonstrates that
two images are definitely separated as much as two sources.
The pressure-intensity on the image line denoted by red dots
in Fig. 3(b) confirms again that sound waves emitted from
two point sources separated by 4/17 indeed form ultra-fine
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FIG. 2. Experimental result with one point source of 714 Hz. (a) Pressure-
intensity profile of the sound waves after passing through the p-NG metama-
terial slab. (b) Normalized pressure-intensity data on the image line. The red
(blue) dots indicate the data in the presence (absence) of the p-NG metama-
terial. The incident sounds are focused as thin as 22 mm or 4/22.

images overcoming the diffraction limit through our p-NG
metamaterial slab. In other words, images of two acoustic
objects separated by a distance as close as the lattice constant
of the p-NG metamaterial slab are clearly resolved. The
FWHM’s for two images is as sharp as 18 mm or 4/26 and
20 mm or 4/24, respectively. The peak intensities through the
slab were amplified about 93-fold and 47-fold, respectively,
compared to those without the p-NG metamaterial slab.
These extremely high enhancements of intensities are simply
due to the out-of-phase sources.

We repeated the experiments with two in-phase point
sources separated by a distance of 56 mm or /8.5, which is
twice the lattice constant. The radiation pattern of two speak-
ers is just like two circular waves interfered in in-phase
when there is no p-NG metamaterial slab. By locating two
sources in two unit-cells away from each other, two in-phase
source signals are prepared to be distinguished. The
pressure-intensity profile of two in-phase sound sources of
the frequency 714 Hz after passing through our p-NG meta-
material, as expected from the above observation, exhibits
the ultra-high resolution as shown in Fig. 4(a). The normal-
ized pressure-intensities on the image line are plotted in Fig.
4(b). A remarkable resolution of two images (red dots) was
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FIG. 3. Experimental result with two out-of-phase acoustic point sources
separated by a distance of a lattice constant, 2/17. Two identical speakers
are activated at the frequency 714 Hz with out-of-phase to each other. (a)
Pressure-intensity profile of the two sound waves after passing through the
p-NG metamaterial slab. (b) Pressure-intensity data on the image line. The
red (blue) dots indicate the data in the presence (absence) of the p-NG meta-
material. The two sound sources separated by /17 are clearly resolved.

observed with the metamaterial slab compared to the wide
distribution (blue dots) without the metamaterial slab. The
peak intensities of two images with the slab are about 2.9-
fold and 3.3-fold enhanced if compared to those without the
slab, respectively. The two sounds are focused roughly as
thin as 19mm or A/25 and 23mm or /21, respectively.
Unexpected side lobes are observed as can be seen in
Figures 2(b), 3(b), and 4(b) on the right and left side of the
main peaks. One may consider the possibility that these pat-
terns reflect diffraction from the periodicity of the lattice.
However, the characteristics inter-peak distance of ~7cm is
far shorter than the wavelength, 2 =47.6 cm. Another possi-
bility is that these are mere artifacts stemming from
uniformity-error in the metamaterial. We constructed 116
membrane-covered unit cells with the average resonance fre-
quency of 690 Hz, but the resonance frequencies have devia-
tion from cell to cell, with the distribution 690 = 2 Hz. Since
the dispersion curve is very sensitive to the resonant fre-
quency, this amount of error in homogeneity and symmetry
of the metamaterial system resulted in the artificial signals
along the surface of the metamaterial. However, sharp cen-
tral peak stands clearly over these aberrations.
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FIG. 4. Experimental result with two in-phase point sources separated by a
distance of twice the lattice constant, 4/8.5. Two identical speakers are acti-
vated at the frequency of 714 Hz. (a) Pressure-intensity profile of the two
sound waves after passing through the p-NG metamaterial slab. (b)
Normalized pressure-intensity data on the image line. The red (blue) dots
indicate the data in the presence (absence) of the p-NG metamaterial.

In this letter, we demonstrated an experimental realiza-
tion of an acoustic superlens first using two-dimensional
membrane-based negative-density metamaterial slab. Our
superlensing system resulted in a remarkably high resolution
of two point sources separated by 4/17. The resolution of
M17 far exceeds the smallest resolution allowed by the
diffraction limit. The evanescent waves incidented on our
low-dissipative p-NG metamaterial slab were amplified sig-
nificantly and about 78% of the incident waves was refo-
cused on the image line. The refocusing peak-intensity was
17-fold enhanced if compared with that in the absence of the
superlensing system. In this sense, our superlensing system
turns out to be quite effective even compared to the previous
systems using various electromagnetic metamaterials.>”"'”
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Artificial structures engineered on a sub-wavelength
level, metamaterials, have produced exotic characteristics of
wave propagation. A wide range of single and double nega-
tive constitutive parameters in both electromagnetics and
acoustics has made unbelievable phenomena such as cloak-
ing®* and superlensing possible in reality. In practical fabri-
cations of these devices, dissipation control is one of the
main difficulties. The membrane-based metamaterials, in
this matter, are remarkably efficient since the membranes
move together with the fluid yielding a small friction. Our
membrane-based negative-density metamaterial may be of a
big help toward developing a practical acoustic superlens,
hyperlens, perfect lens, and cloak.

This work was supported by the National Research
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