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2Department of Engineering, Polo Scientifico Didattico di Terni, University of Perugia,
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An acoustic metamaterial has been constructed using 3D printing. It contained
an array of air-filled channels, whose size and shape could be varied within the
design and manufacture process. In this paper we analyze both numerically and
experimentally the properties of this polymer metamaterial structure, and demon-
strate its use for the imaging of a sample with sub-wavelength dimensions in the
audible frequency range. © 2016 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4968606]

I. INTRODUCTION

Metamaterial research started in the field of optics, where it was noticed that a material containing
regular forms of microstructure could be used to make a lens with a resolution greater than the normal
diffraction limit. Acoustic metamaterials can also be designed and constructed, as firstly demonstrated
in Refs. 1 and 2. The required behaviour is typically achieved by combining geometrical means and
resonance effects – e.g. a conventional base material is modified so as to have a regular structure
containing holes, channels, resonators or scattering sites – leading for example to a material exhibiting
negative effective density (ρEFF) and bulk modulus (KEFF), whereas normally they are both positive,
resulting in a negative acoustic refractive index (ηEFF< 0).3–5

The ability to manipulate these fundamental properties makes the use of metamaterials highly
interesting for acoustic applications in general and for ultrasonic imaging in particular, where there are
applications ranging from diagnostic biomedical imaging to non-destructive evaluation (NDE). As
an example, ultrasound is widely used to test industrial products such as concrete,6,7 steel products8,9

and plastics materials10 so as to examine their internal structure. In all cases, the properties of the
ultrasonic field determine the quality and resolution of the resulting image.

A negative refractive index metamaterial with flat, parallel surfaces is of interest in ultrasonic
imaging because it can act as a lens and focus acoustic waves. However, it can do this at a greatly
increased resolution than is possible using a conventional lens, by allowing the evanescent field
carrying sub-wavelength information to be transmitted and focused on the other side of the lens.11–13

Metamaterials thus give promise for improving the performance of biomedical ultrasound imaging
and NDE, using their unique advantage: the resolution of the image is dictated by the fine structure
of the metamaterial. The result is sub-wavelength resolution ultrasound imaging: a higher imaging
resolution could be reached at the same inspection frequency. Alternatively, while keeping constant
the resolution, lower frequencies could be used assuring an increased penetration into the body or
into the sample under test.
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Since the first experimental realizations of acoustic metamaterials, many different design
strategies have been reported in the literature, although three general types can be considered:

(i) Phononic crystals: arrays of scatterers within the material create a 3D Bragg scattering
effect.14,15 The resultant negative index behaviour (ηEFF< 0) allows acoustic signals to be focused
at particular frequencies at a resolution beyond the usual diffraction limit.16

(ii) Channeled materials: arrays of holes or channels through the thickness of the material create
a set of Fabry-Peròt resonances, giving enhanced sub-wavelength imaging resolution by the
coupling of evanescent waves.17,18

(iii) Space coiling: spiral paths within a material lead to focusing effects and the possibility of
negative refraction properties (ηEFF< 0).19–21

There are some aspects of the above metamaterial structures that need to be investigated further
if acoustic metamaterials are to be used for acoustic imaging applications. Zhu et al.17 demonstrated
that a holey structured metamaterial of 40x40 holes realized in brass can be utilized for the imaging
of an object having dimension up to λ/50 at a frequency of 2.18 kHz in air. This represents the
current state-of-the-art for the use of such acoustic metamaterial in air for imaging a sub-wavelength
object. It was also shown theoretically that polymers could be used to realize acoustic metamaterial
devices.22 Thus, the use of 3D printing potentially allows the fabrication of acoustic metamateri-
als whose internal construction could be varied to provide broad-bandwidth operation at ultrasonic
frequencies. Following the work of Zhu et al.17 and Laureti et al.,23 the present paper describes
the properties of a 3D-printed acoustic metamaterial containing 100 channels, using both numer-
ical simulation and experiment. This metamaterial is then used to image a sub-wavelength object
in air.

II. THEORETICAL BACKGROUND

A study by Christensen et al.24 demonstrated the action of a 2D array of square-shaped holes
within a bulk material. The results showed that Fabry-Peròt resonances (FPRs) existed within these
holes, the frequency peak positions of which was related to the thickness h of the metamaterial.
Furthermore, FPRs could be excited by very large wave vectors k which carry sub-wavelength infor-
mation. This is the key-point that needed to be understood in order to gain insight into the operation
of holey structured acoustic metamaterials.

In order to understand better how holey metamaterials help in coupling the evanescent field
scattered from an object of sub-wavelength dimensions, we follow the same formalism utilized
Zhu et al. We consider henceforth the effective medium limit approximation, that is when the wave-
length of the impinging plane wave λ is much larger than the channel’s lattice constants a and Λ
(a being the lateral dimension of the square-shaped hole and Λ the lattice parameter (or center-
to-center distance, see Fig. 1). In this condition, propagation within the holes via FPRs dominates

FIG. 1. (a) L-shaped aperture with dimensions l = 20 mm; w = 20 mm; d = 3 mm, held against a 1.5 mm thick aluminium
slab. (b) Acoustic metamaterial with h = 14.8mm, containing 1.48mm wide square-sided holes, with their centres separated
by 2.96mm (Λ). There was a 2 mm gap between the plate and the metamaterial.
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the acoustic energy transmission process. The probability of the plane wave of parallel momentum
~k‖ = (kx, ky) to be transmitted to the other side of the metamaterial in a diffracted plane wave with
~k(n,p)
‖
=

(
kx+n2π
Λ ,

ky+p2π
Λ

)
, it is expressed by the transmission coefficient t:

tnp
(
λ,~k‖

)
=−Snpv′, (1)

where Snp is the overlap integral between the diffracted wave of order (n,p), v′ = I0Gv

(G−Σ)2−G2
v
.

The term I0 is proportional to the overlap integral between the incident wave and the fundamental
mode, S00, where I0 = 2iS00. Gv and Σ depend on the propagation constant of the fundamental mode
k0 , and on the thickness h of the acoustic metamaterial:

Σ =
cosk0h
sink0h

(2)

Gv =
1

sink0h

The G terms that takes the coupling between neighboring holes into account are expressed as a sum
of diffracted modes:

G= i
∑
lm

k0

k(l,m)
z

|Slm |
2 (3)

where k(l,m)
z =

√
k2

0 −
[
~k(l,m)
‖

]2
.

It can be seen that the first term of the above sum, (l=m=0), is dominant and thus G= iY |S00 |
2,

where Y = k0√
k2

0−k2
f

. By substituting all these quantities into equation (1), we obtain:

t00
(
λ,~k‖

)
=

4 |S00 |
2 Yeiqzh(

1 + Y |S00 |
2
)2
−

(
1 − Y |S00 |

2
)2

e2iqzh
(4)

For wavelengths corresponding to a FPR, λR =
2h
m , reduces to:

t00
(
λR,~k‖

)
= (−1)m (5)

This is valid for all values of ~k‖ . This means that, at the resonance condition, even those values
associated with evanescent waves (which carry sub-wavelength details) are successfully transferred to
the outer side of the metamaterial, and can contribute to imaging. This is the key point in understanding
the working principle of holey-structured acoustic metamaterials: they allow the near field region of
the acoustic field to be transferred over distances at which it would not normally be possible to be
observed.

III. ACOUSTIC METAMATERIAL DESIGN AND EXPERIMENTAL SETUP

The acoustic metamaterial device presented in this work has been realized by 3D print-
ing additive manufacturing using PMMA photo-polymer. The metamaterial itself was manu-
factured with a uniform array of through-thickness square holes. Thickness h has been cho-
sen to be 14.8 mm, giving a nominal fundamental frequency of 11.48 kHz in air, but allow-
ing operation of integer multiples of this value. It contains 1.48 mm wide square-sided holes,
with their centers separated by Λ= 2.96 mm (which determines the maximum achievable
resolution11).

The metamaterial was used to image both an L-shaped and a T-shaped aperture, both machined
into a 1.5 mm thick aluminum slab, as shown in Figures 1(a) and 4(a). The width d of these two
apertures is significantly smaller than the wavelength range of inspection and almost coincides
with the lattice parameter Λ, so as to test whether the imaging resolution can reach the single-hole
limit.
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FIG. 2. Sketch of the experimental setup.

A planar acoustic field was incident onto the sample, and the signal transmitted through the
structure in air subsequently imaged on the far side at selected frequencies. Note that it was noted
that transmission and imaging performance could take place across a range of frequencies, outside
the nominal design frequency, as will be demonstrated below. The dimensions of the specimen and
metamaterial are shown in Figure 1. It is important to consider the experimental design carefully.
This is because it is difficult to find a plane wave acoustic source with a flat response over the required
frequency range. In addition, the dimensions of the receiver should be smaller than that of the holes
to avoid spatial averaging of the acoustic field. For acoustic generation, a MONACOR RBT 20 rib-
bon tweeter was used for the acoustic generation, together with a STA-225 broadband amplifier. A
waveguide with its walls covered by absorbing material was used to obtain a flat and homogenous exci-
tation acoustic field impinging over the sample. The signal generation/acquisition was managed by a
National Instrument 6259 board connected to a PC. In previous work described in the literature, the
microphone dimensions have been larger than that of a single hole; this implies that a deconvolution
algorithm had to be applied to the reconstructed images to counterbalance the degradation of resolution
due to the microphone dimensions. To mitigate this effect, we have used a MEMS microphone with a
sensitive area of 0.25 mm of diameter, much smaller than the hole dimensions, which allows the collec-
tion of at least five discrete measurement points across each hole. The drawback of using such a small
device MEMS is that its sensitivity is not very high, leading to noisy measurements, and moreover
its spectrum is not flat in the frequency region of interest exhibiting a peak around 15 kHz. Therefore
each recorded signal was normalized in the frequency domain with respect to the MEMS reference
spectrum.

A 3D -motorized scanning stage moved a microphone to measure the pressure field across 2D
planes perpendicular to the acoustic propagation axis at the far side of the metamaterial. A schematic
diagram of the experimental setup is depicted in Figure 2:

The tweeter was driven by a swept-frequency chirp signal over a pre-defined frequency range.
This technique was used with acoustic metamaterials so as to be able to exploit advanced post-
processing algorithms.25 Data acquisition was performed using a series of stepped x-y scans of the
acoustic field amplitude, which was acquired at different distances z from the outer surface of the
metamaterial (see Figure 2). Each acquired signal was smoothed using a moving averages method and
analyzed in the frequency domain using a Z-Transform algorithm. This allows the retrieved acoustic
field to be analyzed in a specific set of frequencies with respect to the standard Fast Fourier Transform
algorithm.26,27

IV. SUB-WAVELENGTH IMAGING EXPERIMENTAL RESULTS AND FEM SIMULATIONS

The sample in the form of the “L” shaped aperture in the aluminum plate was placed 2 mm away
from the metamaterial input surface, and the output field was collected in air at distances of z = 0.5
and z = 1 mm from the outer surface. The resulting distance between the sample and the MEMS
microphone receiver was thus ∼18mm.
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The experimental results are shown in Figures 3 (a) and 3 (b), where the amplitude recorded
at the outer metamaterial surface is plotted as a function of position at various frequencies in the
9.8 – 10.3 kHz range. It can be seen that the L-shaped aperture has been recovered well over a
range of frequencies in both cases. In particular for z = 0.5mm the holey pattern can be clearly
observed superimposed to the “L” image. This agrees with that reported in Ref. 17 - supplementary
information.

A Finite Element model has also been developed using COMSOLr, using the frequency-domain
analysis into the acoustic module. Default values have been used for densities and sound velocities
of both air and PMMA. The L-shaped aperture was assumed to be 2 mm away from the metamaterial
surface and a planar acoustic pressure field impinges the aperture, as shown in Figure 1(a). The
acoustic field predicted above the other side of the metamaterial is shown in Figure 3 (c). Results are
shown at 10 kHz for several distances from the metamaterial outer surface. As in the experiment, a
clear image is predicted.

In order to further validate the results achieved on the imaging of a sub-wavelength dimension
aperture, here another example of holey-structured acoustic metamaterial capabilities is reported. In
this case, a 2 mm aluminium slab has been crafted to have a “T” shaped aperture, whose dimensions
are shown in Figure 4(a). Both arms of the “T” are 20 mm long, whilst its width d is 3 mm. As for

FIG. 3. Experimental results at (a) 0.5 mm and (b) 1 mm from the metamaterial surface. (c) FEM results at several distances
from the metamaterial surface, frequency 10 kHz.
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FIG. 4. (a) “T” shaped aluminium slab dimensions. (b)“T” Experimental results at 0.5 mm from the metamaterial surface.

the “L” case described above, Figure 4(b) shows the acoustic field retrieved at the outer metamaterial
surface as a function of frequency. It can be seen that the “T” shaped aperture with subwavelength
dimensions has again been imaged clearly using the holey-structured acoustic metamaterial device,
over the range of frequencies quoted.

V. TOWARD THE REALIZATION OF AN ACOUSTIC BROAD-BAND DEVICE

Coded waveforms such as chirps or bipolar sequences can be used to enhance the range of
acoustic frequencies that are transmitted through materials, and have been used in many materials
studies where signals are embedded in noise.28 They are thus of interest here. In order to exploit
acoustic metamaterials in practical applications, one has to face the fact that they usually operate over
a narrow bandwidth and at relatively low frequencies; this is due to the current sizes and nature of the
structural features within them. An acoustic metamaterial with the ability to restore the evanescent
field into a broadband frequency range is needed for working on real applications, especially in the
ultrasonic region for ultrasonic non-destructive testing applications and medical imaging. To achieve
operation at much higher frequencies, advances over current practice are needed:

� The internal structures will need to be formed in much finer detail than at present;
� Metamaterials will need to have broad bandwidth capability;
� Acoustic coupling into and out of many metamaterials is inefficient due to their design, and

needs to be improved;

L.Zigoneanu et al.29 demonstrated that a pyramidal acoustic metamaterial geometry can be used
to broaden the cloaking effect of an acoustic metamaterial. A similar approach has been used here
to extend number of frequencies within an input signal that satisfies Equation (5), namely when
λ = 2h

m , hence f =m c
2h with m positive and integer and c the speed of sound of the air. Therefore,

FIG. 5. (a) “Stepped” acoustic metamaterial design dimensions; (b) expected FPR frequency in air for each step change in
thickness.
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a metamaterial constructed so as to have with finite increments in its thickness h should provide a
higher number of resonance frequency conditions, and hence transmit a wider bandwidth of signal.
A sketch of the 3D-printed acoustic metamaterial containing such “Steps” is shown in Figure 5(a).

This metamaterial has a squared base, and has ten finite increments in height of 2.96 mm each,
which are here called for simplicity “steps”. It contains a hundred squared-side holes of 1.48 mm
lateral dimension, so as to obtain results comparable to the constant thickness acoustic metamaterial
described above. Figure 5(b) shows the fundamental frequency expected from FPRs at each incre-
mental step change in thickness. It should also be noted that every integer multiple of this set of
frequencies it is a valid value to obtain another resonance.

The experimental results are shown in Figure 6, where again an x-y planar scan of the acoustic
field at the outer surface of the metamaterial is reported. Each figure subplot highlights the frequency
where each step reaches its resonance condition. Please note that figures start from the results obtained
for step number 10 to step number 2, so as to have the frequencies of resonance increasing as shown.
Step number 1, whose resonance frequency is expected to be at 57.9 kHz it not reported because it is
outside the frequency range of measurement using the present experimental setup.

The expected behaviour is observed, with transmission intensity increased at certain frequencies
and sample thickness, as observed by the lines of brighter lines dots across the images. Note that there
are some differences between the observed resonance frequency and the one predicted theoretically.
This is thought to be due to various factors such as the limited sensitivity of the MEMS microphone,
the resolution of the Z-Transform algorithm used for data analysis, and variations in room temperature
(and hence also of sound velocity in air).

FIG. 6. Intensity plots over x-y planes at a fixed distance from the “stepped” acoustic metamaterial device for several different
frequencies. Each subplot highlights the frequency and the corresponding step where the resonance condition is achieved.
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FIG. 7. x-y planes at a fixed distance from the “stepped” acoustic metamaterial device for several different frequencies. Each
subplot highlights the frequency and the corresponding steps where the resonance condition is achieved.

As might be expected, the resonance condition can be reached by different steps for the same
impinging frequencies, provided the thickness and frequencies match in each case. The set of
resonance frequencies f (s)

n of the sth step can be expressed as:

f (s)
n = n

cNs

2(s × h)
(6)

where n is the integer number associated to the nth resonance mode of the sth step and s×h
Ns

is the step
length.

It follows that different steps s, s′ could have common resonance frequencies for different
resonance modes n, n′ when the following condition is satisfied:

n
s
=

n′

s′
→

n
n′
=

s
s′

(7)

As an example of multiple matched condition observed, subplots within Figure 7 shows three
example of channels resonating together.

VI. CONCLUSIONS

It has been demonstrated that 3D-printed metamaterials can be used for sub-wavelength acoustic
imaging in air. The fabrication technique allows different metamaterial structures to be designed
and constructed. In the first design, using a material with constant thickness, it was shown that the
expected image resolution could be obtained over a limited range of frequencies, over which the
FPR existed in the holes of constant thickness. A change in thickness across the metamaterial was
also examined, and a range of resonant frequencies observed as increased transmission intensities.
This stepped material was able to transmit signals at a set of discrete frequencies, ranging from
5 kHz to 22.9 kHz. This demonstrates the first steps towards a broad bandwidth device, which could
incorporate these and other design features available in 3D printing to develop metamaterials with
properties that could be used in real acoustic imaging applications.
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