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Per the laws of geometrical optics, a plane-parallel medium does not possess focusing properties. However, in
this paper, we demonstrate for the first time that an acoustic cuboid particle filled with CO, is able to focus
sound despite its flat surface. It is worth noting that traditional lenses focus sound through their curved surfaces.
We report both numerically and experimentally the acoustic focusing of a cuboid of 2\ side, where A is the

wavelength in air. From these results, it can be derived that its focusing capabilities are close to the diffraction
limit: at frequency of 5000 Hz, acoustic beam waist is about 0.5 wavelength and the gain is 8.8 dB. The flat
structure lens proposed open new possibilities to design and built new lightweight and low cost acoustic lenses

for different applications.

Introduction

Sound interferes with us in daily life in different areas in such a way
that studies of different properties of the mechanisms of sound gen-
eration and focusing should be carried out to achieve the most efficient
mechanisms for each application. Acoustic lenses can be applied in
different areas of physics, engineering and even in medicine. However,
it is still a challenge to carry out its implementation due to the com-
promise that must exist between there being a high contrast of speeds
and a good coupling of impedances to achieve a good transmission.

Currently there are different types of acoustic lens designs based on
different physical phenomena: lenses based on Fresnel diffraction [1],
lenses based on 2D and 3D phonics crystals [2-5], lenses that use
acoustic metamaterials based on acoustic gradient index (GRIN) [6,7]
and hyperbolic GRIN [8,9], those that use metamaterials based on
Helmholtz resonators or split ring type resonators [10], etc. Never-
theless, there are not many naturally occurring materials with the
properties needed to build sound lenses. The other possibility to obtain
acoustic lenses is through gas-filled spherical lenses. However, there are
few references about their design characteristics and fabrication to
obtain a convergent behaviour [11-14]. The possibilities of diffraction
limited focusing were not investigated here. It could be mentioned that
today, spherical acoustic gas filled lens is used, for example, for sound
focus speaker [15].

Acoustic lenses focus sound in the same way as optical lenses focus
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light because the underlying theory is applicable to different kinds of
waves. Thus, the acoustics lenses have the same constraints that elec-
tromagnetic ones have, that is: limited to a half-wavelength resolution
due to diffraction theory. In this sense, in the linear mode, it would be
expected that photonic jet (PNJ) phenomenon [16] that allows sub-
wave focusing in optics, behave in the acoustic range in the same
manner as in the optical range does.

This fact has led to propose the so called “acoustojets” phenomenon
(AJ) in acoustics [17], which is based on the ideas of PNJ phenomenon.
The existence of the acoustic similarity of PNJ, has been already the-
oretically predicted [17,18], which potentially open the doors to a
subwavelength focalization size. That means a significant increase of
acoustic pressure in the shadow zone of an arbitrary mesoscale particle.

A key problem of this possibility is acoustic impedance. If the im-
pedance of a lens matches that of its background - for example, the air
surrounding it - then the transmission ability of the lens is far higher.
Theoretical investigations of natural material-based ball-lens (poly-
ethylene, silver, lead, etc) with subwavelength focusing based on
acoustojet phenomenon were presented in Ref. [18]. Solid spheres of
different metals, such as stainless steel, brass, and tungsten carbide are
able to produce subwavelength acoustojets [17,18]. However, their
impedances do no match with that of the surrounding medium so that
the intensity is relatively low. Recently, experiments with a Rexolite
sphere, of a diameter of 8.231 wavelengths immersed in water, verified
the AJ phenomenon at 1.01 MHz [19]. The transverse resolution was
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about 0.52 of wavelength in surrounding medium. Similar experimental
results were obtained for a cylindrical particle-lens too [20].

It is necessary to emphasize that to study the propagation of the
acoustic waves through the AJ the Navier-Stokes equations must be
applied, since the effects of the AJ cannot be predicted from the geo-
metric optics or from the scalar diffraction theory [21]. In the same
way, it is worth noting that, in optics, the photonic jet is formed in the
near field, a region in which scattering plays an important role [21].
This implies that the size of the element or particle is limited, that it
ought to have a mesoscale dimension, that is, to be of a few wave-
lengths and even equal to the wavelength of the radiation [21].
Therefore, what is important is not the concrete value of the incident
wavelength, but that its relation to the size of the particle or element
fulfils the mesoscale condition [17,21]. For this reason, throughout the
work, we will not use the absolute values of geometric parameters but
the values relative to the length of the incident wave in the air.
Therefore, below we do not use absolute values of geometric para-
meters, but relative ones in the unities of the incident wavelength in air.

However, as solids, from which lenses could be easily manufactured,
have acoustic impedance much higher than air, refracting lenses or
particle-lenses are difficult to implement in air. Taking into account
that acoustic impedance is the product of compressional wave speed
and density, its high contrast between the solid and air means that the
incident wave on the solid virtually would be reflected rather than
refracted at the edges of the lens [22]. It is well known that spherical
gas-filled lenses allow sound to be focused, but extrapolation to flat
wavelength-scaled cubic particle gas filled lens is not self-evident be-
cause its shape is similar to flat-parallel plates and according to the laws
of geometric optics, such a lens will not focus the sound wave incident
on it. So, the main aim of the paper is to show the acoustic focusing
capabilities of a CO, filled cubic lens. We verify both simulations and
experimental the airborne sound focusing through a lens with planar
surfaces, breaking the geometric acoustic laws. The focusing cap-
abilities of the lens are analysed with regards to the descriptive para-
meters of the focused beam, such as sound pressure (or pressure gain),
focus position along the longitudinal axis and Full Width at Half Max-
imum (FWHM), which is the width of the beam intensity at —3dB
[19,20].

Experimental set-up

In order to mathematically implement the characteristics of the
system and to physically analyse the problem involved, a Finite Element
Method (FEM) has been used by means the 3D Acoustic Model of
COMSOL Multiphysics Modelling [23]. To avoid the high computa-
tional cost that 3D modelling requires, only half of the domain was
simulated. This was possible because a symmetric boundary located at
the centre of the model was defined to emulate a mirror-plane. Perfect
Matched Layers were used to model free field conditions. A Free tet-
rahedral mesh was used, with a minimum element size of A./10 and a
maximum element size of A/8. The values of sound speed (c) and
density (p) used for CO5 and air were ccoz = 260 m/s, pcoz = 1.977 kg/
m?, car = 343m/s, par = 1.21 kg/ma. The intensity gain in the focus
was calculated by means the expression 101og(I(X, ¥)/Tincident(X, ¥)),
where I(x, y) is the intensity at focus and Iipcigent(X, ¥) is the incident
intensity.

To characterize the cube lens behaviour, a cubic structure with
160 mm side was built using a 3D printer. To leave a closed volume and
keep the CO, gas inside, the entire cubic structure was covered with a
thin plastic film and filled with CO, gas. Once the cuboid was filled and
a CO, concentration of 90 *+ 5% reached, the holes used to introduce
CO; gas inside the volume were sealed. The experimental measure-
ments were performed in an anechoic chamber of dimensions
8 X 6 x 3m>, where the cube was hanged from a frame to avoid
ground effect. A sound source (GENELEC 8040A) emitting white noise
was place 2.4 m away from the cube to consider the wave impinging on
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Fig. 1. Normalized sound intensity distributions for cubic gas-filled lenses at
2062 Hz (a), 4125Hz (b) and 5000 Hz (c), respectively. Sound wave moved
from left to right.
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the cube could be considered as plane wave. A bi-dimensional robotized
measurement system was used to position and a prepolarized free-field
1/2” microphone (Type 4189B&K) in plane predefined trajectories.

Results and discussion

To illustrate the focusing properties of extremely small size di-
mensions of a cubic lens equal to wavelength, the effects of sound wave
focusing are shown in the Fig. 1(a—c). Sound wave traveling from air
into a flat surface of a lens is affected by diffraction at the lens surface
as its diameter approaches the wavelength of sound. The Normalized
Sound Intensity wave is shown in the same scale for three frequencies of
incident wave. In the units of wavelength, the frequencies of 2062 Hz,
4125 Hz and 5000 Hz correspond to the cube dimensions of A, 2\ and
2.33A, respectively. It is clearly seen that the region of pressure loca-
lization of the acoustic field begins to form at a cubic lens size equal to
one wavelength (2062 Hz, Fig. 1a). However, intensity is low. With a
cube side size of two wavelengths (4125 Hz, Fig. 1b), the focusing re-
gion near the shadow surface of the lens is clearly formed. With a
further increase in the effective size of the cube (5000 Hz), the focusing
region narrows, and a second region of localization of the sound field
appears in the wave reflected from the illuminated surface of the cube.
When lens diameter is reduced to nearly the wavelength of sound wave,
diffraction of the input beam at the lens surface causes variations in
phase and amplitude that affect focusing inside the lens.

The transverse dimensions of the region of the localization of the
sound field (lenses resolution), depending on the frequency of the in-
cident wave (the size of the cube) are characterized by the graphs
shown in the Fig. 2 and summarized in the Table 1. From the presented
data, it follows that the diffraction limited resolution of the flat gas-
filled lens under consideration is achieved starting from the size of the
side of the cube into two wavelengths.

The results of experimental measurement focusing characteristics of
cubic gas-gilled lens are presented in the Fig. 3 and are as follows: at
frequency of 4120 Hz, FWHM is 0.63\ and the intensity (Gain) at the
focus is 9.1 dB. At frequency of 5000 Hz, FWHM is 0.54A and the Gain
at the focus is 8.8 dB.

From Fig. 3(a) it is clearly visible that the acoustic energy in the host
medium is focused into a shape like sound bullet [24,25] a compact
subwavelength region of high energy density. Also from the Fig. 3(b) it
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Fig. 2. Transverse relative sound intensity distributions (I/Ticigens) in the focus
of cubic particle-lens at three frequencies.
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Table 1
Numerical focusing characteristics of the gas-filled cubic lens.

Frequency (Hz) FWHM () Intensity gain at the focus (dB)
2062 1.48 4.9
4125 0.64 8.2
5000 0.5 7.6

is followed that the resolution of gas-filled lens with small dimensions
of 2\ x 2\ x 2\ is close to diffraction limit. The asymmetry of the
acoustic transmitted beam near z = 1.2-1.4 on the Fig. 3 in our opi-
nion, is believed to be due to a slight misalignment of the cuboid during
the measurement process.

Physically, the focusing capability of these flat-faced acoustic lenses,
filled with CO,, can be explained by the velocity profile inside the cu-
boid. When the incident plane wave impinges the cuboid and penetrates
into this new medium, near the separation surface, the velocity of the
pressure wave is greater at the edges than at its centre. These velocity
differences give rise to a deformation of the wave front, going from
convex to concave on the opposite side to the incidence one. In our
case, the acoustic impedance contrast is more than 1.15, the contrast of
the sound velocity more than 0.88, and the size of the cuboid or
acoustic particle greater than the wavelength. These characteristics
favour that the wave front acquires a positive curvature, which favours
the condition of sound focusing. Therefore, it is not the shape of the lens
or particle that favours focusing as it does in the case of the sphere filled
with gas. In this case, the phenomenon responsible for focusing is re-
fraction while in the case of the cuboid it is the diffraction of the in-
cident wave, which plays the main role in focusing through these flat-
faced acoustic lenses.

To illustrate the mechanism of focusing, in Fig. 4, the Root Mean
Square (RMS) sound speed map is shown and the formation of positive
curvature of speed near the shadow surface of cube is clear visible. This
phenomenon corresponds to the focusing conditions [26]. The me-
chanism of convergence of such a wave front in the focusing region has
been well studied, and in our case, it does not differ from the known
mechanism [26].

Conclusions

In conclusion, a new flat-faced acoustic lens was designed and built.
This new type of acoustic element will enable new types of sound fo-
cusing devices, although it is known from the laws of geometric optics
that a plane-parallel medium does not possess focusing properties. The
numerical simulations and experiment demonstrate the focusing effect
of CO,-filled cubic lens at audible sound frequencies. The FEM nu-
merical prediction and the experimental results are in good agreement
showing enhanced diffraction limited focusing properties never ob-
served before in this kind of flat gas filled lenses with wavelength scaled
dimensions.

The acoustics energy is focused in a subwavelength region size,
known as sound bullet, where an increase of energy density takes place.
The characteristics of this region such as, amplitude, size, and location
can be controlled by varying the gas concentration in the cube. This
simple mesoscale (1-2 of wavelength dimensions) gas-filled lens, due to
the simplicity of this flat-face design, our findings open new possibi-
lities in lensing applications in different branches of science and tech-
nology and may have a great impact on the physics of sound, from
aeroacoustics to ultrasound therapy (with corresponding selection of
acoustic impedance and speed of sound contrast of medium in a lens). It
seems the smallest dimensions of a lens comparable to the wavelength
ever recorded for any acoustical lenses. Given the simplicity of the flat
design, our findings open new possibilities in lensing applications in
different branches of science and technology and may have a great
impact on the physics of sound. The flat superlenses can be readily
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Fig. 3. Experimental relatively sound intensity map (a) and transverse resolution (b) of cuboid lens.
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adapted to sound imaging systems as well as acoustic microscopy
technology.

The results of this work may reasonably assume that such acoustic
gas-filled lenses can be of quite arbitrary shape (if the mesoscale di-
mension criterion is observed), as was shown in optics and electro-
magnetics [21,27].

Additionally, the high-energy gradients found in subwavelength
focusing area may prompt this lens be used in sound tweezers for
contact-less particle manipulation.
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