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A holey-structured metamaterial for acoustic
deep-subwavelength imaging
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For classical waves such as light or sound, diffraction sets
a natural limit on how finely the details of an object can be
recorded on its image. Recently, various optical superlenses
based on the metamaterials concept have shown the possibility
of overcoming the diffraction limit"”. Similar two-dimensional
(2D) acoustic hyperlens designs have also been explored®°.
Here we demonstrate a 3D holey-structured metamaterial that
achieves acoustic imaging down to a feature size of 1/50.
The evanescent field components of a subwavelength object
are efficiently transmitted through the structure as a result
of their strong coupling with Fabry-Pérot resonances inside
the holey plate. This capability of acoustic imaging at a very
deep-subwavelength scale may open the door for a broad range
of applications, including medical ultrasonography, underwater
sonar and ultrasonic non-destructive evaluation.

The design and experimental realization of man-made
electromagnetic!'™* and sonic'*'® metamaterials have created
many fascinating avenues in optics and acoustics research in recent
years. Among these new possibilities, the discovery that a thin slab
of artificially microstructured metamaterial can act as a perfect lens'
and restore all the evanescent components of a near-field image, has
had a profound impact on optical subwavelength imaging, that is, in
the search to overcome the so-called diffraction limit. To overcome
the same limitation in acoustic imaging, previous studies have
described strategies such as time-reversal techniques'”'® and the use
of Bragg-scattering in phononic crystals'®°. In the time-reversal
approach, the inherently complex set-up reduces its robustness,
whereas for lenses based on phononic crystals, the lattice constant
must be of the same order as the acoustic wavelength, which results
in an imaging resolution that is limited by diffraction. Recently, 2D
acoustic lenses based on metamaterials have been explored®°. To
the best of our knowledge, the best resolution achieved with this
type of 2D lens is 1/7 (ref. 12).

Here we report a new class of 3D acoustic metamaterials that
operate as near-field imaging devices. The basic structure, which
consists of a rigid block (impenetrable for sound waves) of thickness
h, perforated with deep-subwavelength square holes of side a
forming a periodic array with lattice parameter A (Fig. la), is
surrounded by air. Previous work suggests that it may be difficult
to conduct 3D optical subwavelength imaging with holey metal
structures because the holes must be filled with a material having
a very high dielectric constant”. However, because of the absence
of a cutoff frequency in the acoustic case, propagation of acoustic
waves inside deep-subwavelength-sized apertures is possible and

Figure 1| Holey-structured metamaterial for deep-subwavelength
acoustic imaging. a, Schematic of the square array of holes drilled in a rigid
block. The period of the array is A, the side of the square holes is a and the
plate thickness is h. b, For the experimental realization, 1,600 (40 x 40)
square brass alloy tubes are used, with the geometrical parameters of the
sample chosen to be: a=0.79 mm, A =1.58 mm and h =158 mm. All the
tubes are fitted in parallel into a 4-inch-wide square aluminium tube and
clamped firmly together. Superglue is applied between the tubes to prevent
any movement or vibration under pressure.

can lead to the formation of Fabry—Pérot transmission resonances.
For subwavelength imaging, it is worth noting that, as we will show
below, these Fabry—Pérot resonant modes can be excited by the
evanescent waves scattered from the object. As a result, information
carried by the evanescent waves is successfully transmitted through
this holey metamaterial. More importantly, those evanescent waves
contain much larger wave vectors than that of the propagating
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wave inside the holes and, therefore, contribute to restoring an
image with a feature size far below the diffraction limit. The ability
of this holey metamaterial to resolve subwavelength features also
depends on the geometrical parameters of the structure. It has been
shown for electromagnetic waves that the imaging resolution of
holey metal films is determined by the period of the array?’, which
can be made much smaller than the operating wavelength. We have
found that the same behaviour occurs for acoustic waves.

The capability of this holey structure to resolve all the spatial
information of an acoustic image can be explained within the
effective medium approach. It can be shown (see Supplementary
Information for details) that, in the limit in which all diffraction
effects can be safely neglected and the transmission process is
dominated by the fundamental propagating mode inside the
holes (A > A,a), the zero-order transmission coefficient for an
acoustic plane wave of parallel momentum k; = v'k,” +k,* can be
written as:

t(Aky) =

where g, = kp = 2w /A is the propagation constant of the
above-mentioned fundamental waveguide mode, Spp = a/A and
Y = ko/vko® —k;*. The important point is that, at the resonance
condition for standing-wave excitation (g,h = ms, with m an
integer), the transmission coefficient has unity modulus for all
parallel momenta, including evanescent waves. This result suggests
that, if an object is placed at the input side of the holey plate, its
acoustical image can be perfectly transferred to the output side. The
dependence of the zero-order transmission coefficient versus paral-
lel momentum and frequency, as rendered in Fig. 2, clearly supports
this point. At the Fabry—Pérot resonant frequencies (m = 1-4), the
dispersion curves of the Fabry—Pérot modes are very flat over a
wide range of wave vectors, both in the propagating and evanescent
regions of the k-space, and their associated transmission coefficients
have unity modulus. Therefore, most of the parallel momentum can
be carried over and used in imaging. It can be shown that this holey-
structured metamaterial behaves effectively as an anisotropic ho-
mogeneous slab. As the dispersion of the fundamental mode inside
the holes is unaffected by parallel momentum, pes* = 1/Ks* = 00.
In the parallel directions (x and y ), the metamaterial is characterized
by a mass density equal to P = e’ = Peft = pair A>/a* and a bulk
modulus K" = K’ = Ko = Ky A2 /a?, in such a way that the veloc-
ity of sound is equal to that of air (see Supplementary Information
for details). Different from the perfect lens presented in ref. 1, this
holey metamaterial presents an infinitely anisotropic structure that
allows wave propagation in the direction perpendicular to the inter-
faces, so the evanescent fields are not amplified. The physics behind
the behaviour of the holey-structured metamaterial is similar to
the so-called canalization phenomenon?, which has been used for
the faithful transfer of a near-field electromagnetic subwavelength
image from the input to output surface of a system that acts as a kind
of subwavelength endoscope. Examples of this type of phenomenon
have been reported before for electromagnetic waves® . A meta-
material made of Swiss-roll wires was able to transfer an input mag-
netic field pattern to the output face with little loss of intensity™.
It has also been shown that a periodic array of long wires can act
as an electromagnetic subwavelength endoscope®®*. However, the
acoustic version of such a structure (a period array of wires made of
a rigid material) is not able to transfer the subwavelength details
of an object (see Supplementary Information for details). This
result neatly illustrates the differences between electromagnetic and
acoustic waves when they propagate through structured materials.
To corroborate the subwavelength imaging capabilities of
a holey-structured metamaterial, we have carried out full 3D
numerical calculations using a modal expansion technique that
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Figure 2 | Dispersion relations. a, Simulated modulus of the zero-order
transmission coefficient versus parallel momentum (x axis) and frequency
(y axis) on a logarithmic scale. At the Fabry-Pérot resonances
(m=1,2,3,4), the modulus of the transmission coefficient is one. The
flatness of the dispersion curves can clearly be observed. The simulations
were done for holey metamaterial in air. Notice that the edge of the first
Brillouin zone would appear at ky = /A ~2mm~". b, Simulated modulus
of the zero-order transmission coefficient evaluated at eight different
frequencies: the first four correspond to the four lowest Fabry-Pérot
resonant frequencies and the remaining four to frequencies intermediate
to these.

contains as many diffraction orders as needed for convergence. As
the image source, two subwavelength square dots are perforated in
azero-thickness screen (see Fig. 3a), placed on top of the holey plate
and excited by an acoustic plane wave. The operating frequency and
wavelength are chosen to be f = 2.18kHz and A = h = 158 mm,
which corresponds to mode m =2 for the standing-wave resonance
condition. The size of the dots is w = 7.9mm (1/20) with a
centre-to-centre distance s = 11.85mm (1/13.3). As shown in
Fig. 3b, if we simulate the image plane at one lattice constant A
from the exact output plane, a faithful image of the two dots can
be obtained, as both equation (1) and the simulations shown in
Fig. 2 predict. This confirms that a holey-structured metamaterial
behaves as a near-field acoustic imaging device able to operate on a
very deep-subwavelength scale.

We have conducted experiments in air to test this hypothesis.
As a source object, a thin brass plate perforated with two
subwavelength square holes is placed immediately in front of the
device, such that the scattered evanescent waves from the object can
be coupled into the metamaterial. A speaker, 20 mm in diameter,
producing continuous sinusoidal waves is placed 20 cm before the
source object. A microphone is attached to a 3D scanning system
and used to measure the acoustic field distribution on the output
side. Sound-absorbing material is packed around the scanning area
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Figure 3 | Simulation and experimental images of two square dots.

a, The image source is composed of two square dots (side w=7.9 mm)
with a centre-to-centre distance s =11.85 mm, perforated in a
zero-thickness screen that is placed at the input side. The operating
frequency is chosen to be 2.18 kHz, which corresponds to A =h=158 mm
and m=2in Fig. 2 for the standing-wave resonance condition. b,
Simulation result of the spatial pressure field and the distribution along the
cross-section indicated by the red dashed line for an image plane at a
distance A =1.58 mm from the exact output plane. ¢, Experimentally
measured pressure field in the same conditions as in b.

to prevent external noise. The image measured at A =1.58 mm from
the output plane shows an acoustic field pattern with two bright
dots and a clear gap between them (Fig. 3¢), in good agreement
with the numerical simulations. Our experiments also show
that this holey metamaterial functions at other frequencies that
satisfy that standing-wave resonance condition (see Supplementary
Information for details).

In the panels of Fig. 4, we show images of an object shaped
like the letter ‘E’ (Fig. 4a). It can be seen that a linewidth of
3.18mm (1/50) can be clearly resolved (Fig.4b), also in good

54

038/NPHYS1804

Figure 4 | Simulation and experimental imaging of deep-subwavelength-
sized letter E. a, Imaging object: letter ‘'E’" with a linewidth 318 mm
perforated in an ultrathin brass plate. b, Measured image of letter 'E’,
obtained at a distance A =1.58 mm from the output plane, and the acoustic
field distribution along the cross-section indicated by the red dashed line.
The operating frequency is 2.18 kHz (A =158 mm). A A/50 linewidth of the
object can still be observed. ¢, Simulated image of letter ‘E’, obtained at a
distance A =1.58 mm from the output plane, and the acoustic field
distribution along the cross-section indicated by the red dashed line.

agreement with the simulation (Fig. 4c). Despite mild blurring
at some fringe points, the shape of the whole pattern remains
intact at the imaging plane; subwavelength details at the line
edges and corners are also well produced. Therefore, we have
demonstrated that this holey metamaterial can faithfully project
an image with deep-subwavelength details (1/50). As mentioned
above, the effective transmission of such a subwavelength image
relies on the Fabry—Pérot resonances excited inside the holey
structure. In such circumstances, the evanescent field components
with large wave vectors scattered from the object are strongly
coupled to the transmission resonant modes, thus being carried
over to the output side to form a very sharp image. However, if
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the operating wavelength is detuned from the resonance condition
the image quality deteriorates rapidly, and the whole image is
eventually reduced to a blurred spot owing to the loss of the
deep-subwavelength details of the object. In addition, information
carried by the large wave vectors is also progressively lost when the
image plane moves away from the exit surface of this metamaterial
(see Supplementary Information for details). Although the ultimate
feature resolution is theoretically predicted to be at the scale of the
lattice constant (A) of the metamaterial, which is about 1/100, the
size of the microphones (3.2 mm in diameter) sets a practical limit
for the feature size of 1/50 in our experimental set-up. It is worth
noting that the acoustical properties of holey plates have recently
been studied**’, mainly in connection with the phenomenon
of extraordinary acoustical transmission. Two different types of
transmission resonance exist in holey plates. One is associated with
the excitation of acoustic surface waves with spectral locations that
disperse strongly with parallel momentum, where the resonant
wavelength appears close to the period of the hole array. The second
class of transmission resonance is the non-dispersive Fabry—Pérot
modes that have been discussed in detail in our work. As we have
shown, the resonant wavelengths of the Fabry—Pérot modes are
mainly controlled by the thickness of the perforated plate. In our
study, the holey plates are within the metamaterial limit, in which
the operating wavelength is much larger than the period of the array.
Therefore, Fabry—Pérot resonances dominate the transmission
process and acoustic surface waves play a negligible role.

Our experimental results confirm that a holey-structured meta-
material can act as a nearly perfect imaging device by reproducing
the deep-subwavelength information of an object. This device
operates at a discrete set of resonant frequencies, corresponding to
the Fabry—Pérot modes of the system. Experimentally demonstrated
imaging with a feature size of 1/50 shows the resolving power of
our holey metamaterial lies well below the diffraction limit. Scaling
down the geometrical parameters should further enhance the per-
formance of the device at higher frequencies. Apart from being of
fundamental interest, holey metamaterials could be used to improve
medical ultrasonic imaging for scanning and diagnostic purposes,
for the non-destructive detection of cracks in alloy materials, as well
as in other applications.
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