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Abstract

In this paper, we demonstrate that, contrary to what the Geometrical Optics laws dictate, a flat
polymer mesoscale cuboid immersed in water with no need of negative refraction can focus
sound. Two main polymers were considered and lens parameters compared: PMMA and
Rexolite®. It was concluded that Rexolite® is preferable for acoustic jet formation. The
nature of the formation of the foci along the longitudinal axis, that is to say along the wave
propagation axis, is numerically and experimentally demonstrated. In addition, the conditions
under which a cubic particles lens of this type forms a single localized region with a sub-
diffraction transverse size (approximately 0.44 wavelength) are determined. The comparisons
of the acoustic wave pressures and the focal distance between the Finite Element Method

based numerical results and the experimental results show fair agreement.
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1. Introduction

In the same way as a glass convex lens focuses light, an acoustic lens can focus sound
waves. A key problem with this function is a factor known as acoustic impedance. Most of
modern flat acoustic lenses are made from acoustic meta-surfaces. These are flat synthetic
materials designed using building blocks smaller than the wavelength of the sound.

Yang et al [1] have demonstrated that a flat acoustic lens is possible by using a closed-
packed face centered-cubic array of tungsten carbide beads embedded in water. Some [2, 3, 4]
of the works referred to claimed that focusing by flat lens was due to the negative refraction
property [5] of the corresponding phononic crystals. In the field of acoustic, sound focusing
by non-conventional optical-type lenses were reported by Kock [6].

The design a flat sub-wavelength lens that can focus acoustic wave and made from an
acoustic grating with curled slits was described in [7]. A new acoustic gradient-index
metasurfaces engineered from soft graded-porous silicone rubber with a high acoustic index
was offered by Y. Jin at al. [8] in applications to flat acoustic lens.

In the last years, the phenomenon of optical photonic jet [9-11] has attracted great
attention not only because of the scientific interest of the phenomenon, but due to its potential
applications in the design of optical sensors, tools for precision surgery, among other, in
optics [9, 11-12], Terahertz imaging [10, 13-15], plasmonic [16, 17], etc. A photonic jet is a
narrow beam with high intensity that emerges from the shadow surface of a dielectric particle,
mainly cylinder or sphere, with diameters of several wavelengths, of the indicent wave, and
refractives index contrast, between the material an the surrunding medium, usually less than
two [9,11]. It has been demonstrated that the waist of the photonic jets can be beyond the

diffraction limit by varying the refractive index contrast and the size of a sphere [9, 11].



It is well known that both acoustic and electromagnetic waves share many phenomena.
Therefore, studies developed for electromagnetic waves can be extended to acoustic waves,
taking into account the intrinsic differences between them. One of the most significant
examples are acoustic lenses, which are currently used in different areas ranging from
engineering to medicine. Like optical lenses, acoustic lenses focus sound in the same way:
using the phenomenon of diffraction or refraction. Thus, as in the optical case, in acoustics
there are different types of acoustic lens designs: Fresnel lenses [18-20], lenses based on sonic
crystals [21, 22] or on metamaterials [23-25].

Very recently, due to the analogy between electromagnetic and acoustic waves, the
idea of a phononic jet, initially developed for electromagnetic waves, has been transferred to
acoustic waves. O.V. Minin and I.V. Minin [26] demonstrated for the first time, through
simulations, the existence of an acoustic analogy of the photonic jet phenomenon, which they
called "acoustojet" (AJ). They observed the existence of an acoustic field localization in the
shadow area of a penetrable sphere. The choice of material is a key problem due to the
acoustic impedance and the existence of shear wave. In the case that there is not a significant
difference between the material impedance and that of the surrounding medium, the intensity
of the acoustic jet will be great. If materials with a big impedance difference with the
surrounding medium are used, the intensity of AJ will be relatively low but, in this case
reflection from the particle is large [27]. Taking these considerations into account, if the
surrounding medium is water, there are polymer materials with a slight acoustic impedance
difference with respect to water, such as cross-linking polystyrene with divinyl benzene
(Rexolite®) [28].

It could be noted that Rexolite®, as an acoustic water immersed lens material, is
usually used for high frequency, about 20-60 MHz, showing high phase velocity (almost

constant=2315 m/s) and low attenuations (almost constant =2.2 dB/mm). But the application



of such polymer for low frequency acoustic lens operating at less than 10MHz has received
little attention in the literature

The experimental demonstration of the acoustojet phenomenon [28] was performed in
the ultrasonic range (1.01 MHz) using a Rexolite® sphere with diameter of 8 wavelength
submerged in water. The observed transverse resolution of AJ was approximately 0.52 of
wavelength in the surrounding medium, which is more than the diffraction limit. In the case of
a cylindrical geometry, similar experimental results were also obtained [29].

From the geometric laws of Classical Physics it is well known, that for classical lens
with refractive index more than 1 the curved surfaces are required to focus sound. In recent
years, the appearance of acoustic metamaterials has made possible to obtain acoustic lenses
with flat surfaces. However, the mechanization of metamaterials is sometimes difficult.
Therefore, it would be interesting to obtain a flat acoustic lens attained from an easily
machinable natural material.

This paper presents the experimental realization of an example of underwater solid
polymer acoustical lenses obtained by acoustic jet principle. Here we demonstrate that sound
focusing can be obtained by flat polymer mesoscale immersed in water with no need of
negative refraction. We report on measurements of a subwavelength focusing of an ultrasound
beam by a polymer cubic-shaped lens immersed in water at room temperature. Due to the low
acoustic impedance contrast between water and Rexolite® and taking into account the results
of [28], Rexolite® has been used. Rexolite® is a thermoset plastic produced by cross linking
polystyrene with divinylbenzene. It has remarkable electrical properties and is frequently used
in high-frequency circuit substrates, microwave components and in red-frequency and optical
devices [30, 31]. It also can be easily machined. The results obtained with Rexolite® are
compared with those obtained using polymethylmethacrylate (PMMA), that is a polymer that

is commonly used in the manufacture of acoustic lenses [32].



There are two areas where the acoustic field is localized along longitudinal axis by
cuboid particle-lens. The different nature of these two areas is discovered, discussed and
experimentally verified. The focusing capacity of the cuboid is calculated by using the Finite
Element Method (FEM). Furthermore, the influence of the size of the cuboid on the
focalization is analyzed numerically as a function of the incident wavelength A. Finally, it is
the shown for the first time that subwavelength single field localization less that diffraction
limit is possible with flat surfaces. To validate the results of the FE simulations, experimental

field plots of acoustic jets have been carried out for a range of lens configurations.

2. Numerical modelling and experimental set-up

The simulation results were obtained by using the commercial software COMSOL
Multiphysics Modeling©. All the FEM models were solved with 3D modeling. This first
approximation model represents the ideal case of plane wave front propagation in water,
normally incident on a cuboid of solid isotropic material. The cuboid is located in a host
medium. The contours of the host medium are defined as a radiation contour. This causes
Sommerfeld's condition to be fulfilled, that is, no inward reflections occur. A plane-wave
traverses this medium that contains the cube. Typical density rates and water propagation
rates are considered. The host medium was water with typical sound speed (c) and density (p)
values (cwater = 1500 m s and pwater = 1000 kg m™). In this case, host domain was solved with
“Acoustic Module". The solid mechanics module is used to define the boundary and initial
conditions of the cuboid. Rexolite® cuboid domain is defined as isotropic linear elastic
material, determined by its longitudinal sound speed (cirexolite = 2337 m s!), shear sound
speed (Csrexolite = 1157 m s!), and density (orexolite = 1049 kg m™) [25-26]. The same type of
cuboid has been selected in the case of PMMA material, but with changing its longitudinal

sound speed (cimmva = 2757 ms™), shear sound speed (cspmva = 1400 m s!), and density



(opmma = 1200 kg m™) [32]. To obtain a consistent solution, the multiphysics module so
called «Acoustic-Structure Boundary Conditions» that solves both modules with the perfect-
coupling condition has been used. The working frequency defined for the simulation is 250
kHz. Due to it is a numerical model solved in FEM, the 3D model is discretized using by
tetrahedral mesh type. To avoid numerical dispersion, the maximum element size was A/8. To
validate and verify the focusing properties of the cuboid, experimental measurements were
made using the ultrasonic immersion transmission technique with a total precision automated
measurement system. This system consisted of a fixed-piston ultrasonic transducer used as an
emitter (Imasonic, Les Savourots, France) with a central frequency of 250 kHz and an active
diameter of 0.032 m. As a receiver, a polyvinylidene fluoride needle hydrophone (PVDF)
(model HPM1/1, precision acoustics Ltd., Dorchester, United Kingdom) with a diameter of
1.5 mm and a bandwidth of + 4 dB covering from 200 kHz to 15 MHz, was used. The piston
transducer emitted pulses that were detected by the hydrophone. Afterwards, the signal was
acquired, post-amplified and digitalized by digital oscilloscope for PC (model 3224 of
Picoscope, Pico Technology, St. Neots, United Kingdom). The spatial resolution of the
scanning system was 1 x 1 mm?. During the measurements, the water temperature was 18°C
and the scanning was carried out with steps of 1 mm. The Rexolite® sample measured and
the experimental set-up are shown in Figure 1. The cuboid was manufactured from a
Rexolite® commercially available cylinder and it was machined using a numerical control

milling machine.

3. Results and discussion

2
First, Figure 2 shows the simulated normalized sound pressure PL " distributions

|P;]?
(where p is the sound pressure and pi is the incident sound pressure) for Rexolite® cuboids of

five different sizes in XZ planes. As can be seen in Figure 2 (a), on the shadow surface of the



cuboid side 24 appears the AJ, this is an acoustic field enhancement with a subwavelength
focus. The Full Width at Half-Maximun (FWHM) in this case is 0.444 (or 2.64 mm), where 1
is the wavelength in water, A= 6 mm. It is important note that such a resolution of AJ is less
than diffraction limit (4/2n) = 4.7 mm (where n is the refractive index contrast).

As the size of the cuboid edges increases (from 21 to 44 with steps of 0.51) the
position of AJ varies, as shown in Figures 2 (b) - (e). Likewise, the FWHM of AJ also
increases (see Table I). For a mesoscale cubic particle, the mechanism of focus formation is
due to two main effects. First, a wave inside a cubic particle near the edge propagates with a
higher phase velocity than a wave in the center of the cube. Second, there is a curvature of the
normally incident plane wavefront at the edge of the cuboid. Furthermore, this curvature is
such that the wave is directed into the cuboid from the edges to the center. In this case, the

two maxima of these waves converge at the center, forming a focus in the form of acoustic jet.

To explain this phenomenon, Figure 3 shows the simulated relative intensity (f = p - U, where
p is the sound pressure and ¥ is the particle velocity) flow diagrams in XZ planes for the
different sizes of the cuboid considered. Figure 3 (a) shows that there are regions where the
intensity lines produce vortices, in such a way the vortices (marked with circles) near the
illuminated side of the cuboid redirect the intensity flow to different areas of the cuboid. As
the size of the cuboid increases (see Figure 3 (b)) the distribution of these vortices varies,
resulting in a redistribution of the energy inside the cuboid. It is observed that for the cuboid
of size 34, the convergence of the intensity flow lines is maximum in certain areas of the
interior near the shadow surface of the cuboid, giving rise to the formation of jets with lower
pressure, greater FWHM and greater distance from the surface of the cuboid.

Another effect that can be observed is the formation of a secondary focus in the cuboid
of size 3.51 (see Figure 2 (d)), for distances around 44 (3.894) and A (0.741) from the

shadow side of the cuboid. This secondary focus is formed due to the interference created by
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the lateral lobes of the jet that become convergent for this size of the cuboid, the path

difference for these distances is zero which satisfy the constructive interference condition.

. . |P|?
These interferences produce an enhancement of the normalized sound pressure e
i

being

4.02 and 2.73 at A and 44 distance, respectively. The values of FWHM and focus length of the
secondary focus located at 44 are 1.164 and 6.064 respectively. Finally, for a cuboid of size
44, focusing effect is observed at a distance of 84 from the shadow side of the cuboid, and
hence 124 from the “illuminated” (front) side. This effect is created by the far-field obstacle
diffraction due to the interference phenomenon of the secondary sources at the “illuminated”
side acording to the Huygens principle. To corroborate this fact, a simulation was carried out
replacing the Rexolite® cube of size 44 with a rigid solid cube of size 41. To ensure that there
is no propagation of waves inside the cuboid, the rigid solid condition is used. As shown in

Figure 4, it is clearly seen that the focusing effect at distance 84 is due to diffraction.

Cuboid Side (1) 2 2.5 3 3.5 4

FWHM (4) 0.44 | 0.24 | 0.71 | 0.73 | 0.95

Acoustic Jet Length, L (A1) | 1.12 | 0.32 | 1.28 | 0.96 | 1.88

2
Pfocus 7.2 |111 | 29 | 41 | 21
|f | (PaZ)

|Pincident | 2

2
Table I. Full Width at Half-Maximum (FWHM), Acoustic Jet length (L) and % as a
incident
function of cuboid size.

It is interesting to note that the effect of focusing with a wavelength-scaled particle in
two foci is also valid for the optical band. Wu et al [33] propose a "superlong" photonic jet
was where two maxima in the distribution of the field intensity along the jet are observed.

However, the nature of this effect was not fully explored [33].



For comparison with Rexolite® cuboid, PMMA cuboids of edge size 24 and 31 are

|P|?
|P;|?

used. Figure 5 (a)-(b) show the simulated normalized sound pressure distributions in XZ

planes for PMMA cuboids of 24 and 34 size respectively. As can be observed both in Figure
5(a) and Figure 5(b), on the shadow surface of the cuboids side appear the AJ at the same
position. When comparing these results with those of the Rexolite® cuboids (see Figure 2) it
1s observed that in the case of the PMMA cuboid of size 34, the AJ is on the shadow surface
of particle while in the case of Rexolite® cuboid, the AJ is out of shadow surface. Moreover,
in the case of 34 edge size PMMA cuboid, the second focus (due to scattering) is more visible
but for Rexolite® cuboid it is not visible. It is important if we plan to apply this particle for
single-focus device. To explain this different behavior, in Figure 5 (c) - (d) it is shown, the
simulated relative intensity (f = p - V) flow diagrams in XZ planes for cuboids of 21 and 31
size respectively. As can be seen, in the case of PMMA cuboids, the vortices are not found
near the cuboid, unlike the Rexolite® cuboids, resulting in a different redistribution of the
energy inside the cuboid. This fact is due to the different sound speed of the materials and
more lower ratio of ¢/ / ¢s for PMMA. So by selecting to materials properties, control of
maximum pressure area position (jet) along z-axis is possible. In this case, unlike the PMMA
cuboids , Rexolite® ones allow to vary the position of the maximum pressure area by varying
the size of the cuboid.

To demonstrate and experimentally verify the acoustic focusing along the direction of
acoustic wave propagation, we select a Rexolite® cuboid with an edge size of 3.54. From
Figure 6 it can be seen that the simulated and experimental results agree well, which allows to
validate the results of the simulations presented in this paper.

The possible discrepancies between the simulated and experimental results are due to

the fact that the incident wave can not be guaranteed to be completely plane since, although



the cuboid was at a relatively long distance from the transducer, its emission is not really

plane waves.

4. Conclusions

In this paper, the ultrasonic field localization produced by polymer cuboids lens
immersed in water for low frequency has been investigated for the first time. As a polymer,
Rexolite® has been used since it is a material with a low acoustic impedance difference with
respect to water. By changing the edge size of the cuboid, it has been shown that the position
of the acoustic jet varies, as does the FWHM. It has been observed and experimentally
verified the appearance of effect of 2 foci farther from the cuboid and of a different nature.
Such two-focusing acoustic particle-lens will greatly facilitate potential applications of far-
field acoustic optics. It was also shown for the first time that it is possible to form
subwavelength field localization near the shadow surface of 24 metamaterial free cuboid lens
with FWHM less than diffraction limit. The results have been compared with PMMA cuboids
and it has been observed that the AJ apperars at the same position on the shadow surface of
the cuboids when the cuboid size varies. This effect is due to the different sound speed of the
materials. So, control of maximum pressure area position along z-axis is possible by selecting
to materials properties. Rexolite® is preferable polymer than PMMA in application to
acoustic jet. The use of cuboids from a material such as Rexolite® is an inexpensive and easy
way to obtain flat ultrasonic wavelength-scaled flat lenses. The potential applications of this
type of particle-lens are varied and range from medical ultrasound to engineering applications
and will be useful in the development of new ultrasonic devices, for example as a double co-

propagating acoustical traps.
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FIGURE CAPTIONS

Figure 1. Detail of (a) Rexolite® sample measured and (b) experimental set-up.

Ipl?
Ipil?

Figure 2. Normalized sound pressure distributions in XZ planes for Rexolite® cuboids

different sizes: (a) 2A, (b) 2.54, (¢) 34, (d) 3.5A and (e) 4A

Figure 3. Normalized relative intensity flow in XZ planes for Rexolite® cuboids different
sizes: (a) 2A (the inset corresponds to an enlargement of the illuminated face of the cuboid.

Vortices are indicated in the circles),and (b) 3A

Ip|?
Ipil?

Figure 4. Normalized sound pressure distribution in XZ planes for a solid rigid cuboid of

edge size 4\

2
Figure 5. Normalized sound pressure Il::'llz distributions in XZ planes for PMMA cuboids of

edge size: (a) 27, (b) 3A. Normalized relative intensity flow in XZ planes for PMMA cuboids

of edge size: (c) 2A and (d) 3.

Figure 6. Comparison of (a) simulated and (b) measured normalized sound pressure

distribution in XZ planes for Rexolite® cuboid of 3.5A size.
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TABLE

Cuboid Side (1) 2 125 3 35| 4
FWHM (L) 0.44 1024 1 0.71 [ 0.73 | 0.95
Acoustic Jet Length, L (A) | 1.12 ] 0.32 | 1.28 | 0.96 | 1.88
2 72 | 11.1] 29 | 41 | 2.1
|Pfocus| - (Paz)
|Pincident!

2
Table I. Full Width at Half-Maximum (FWHM), acoustic jet length (L) and Procus]
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Abstract

In this paper, we demonstrate that, contrary to what the Geometrical Optics laws dictate, a flat
polymer mesoscale cuboid immersed in water with no need of negative refraction can focus
sound. Two main polymers were considered and lens parameters compared: PMMA and
Rexolite®. It was concluded that Rexolite® is preferable for acoustic jet formation. The
nature of the formation of the foci along the longitudinal axis, that is to say along the wave
propagation axis, is numerically and experimentally demonstrated. In addition, the conditions
under which a cubic particles lens of this type forms a single localized region with a sub-
diffraction transverse size (approximately 0.44 wavelength) are determined. The comparisons
of the acoustic wave pressures and the focal distance between the Finite Element Method

based numerical results and the experimental results show fair agreement.
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1. Introduction

In the same way as a glass convex lens focuses light, an acoustic lens can focus sound
waves. A key problem with this function is a factor known as acoustic impedance. Most of
modern flat acoustic lenses are made from acoustic meta-surfaces. These are flat synthetic
materials designed using building blocks smaller than the wavelength of the sound.

Yang et al [1] have demonstrated that a flat acoustic lens is possible by using a closed-
packed face centered-cubic array of tungsten carbide beads embedded in water. Some [2, 3, 4]
of the works referred to claimed that focusing by flat lens was due to the negative refraction
property [5] of the corresponding phononic crystals. In the field of acoustic, sound focusing
by non-conventional optical-type lenses were reported by Kock [6].

The design a flat sub-wavelength lens that can focus acoustic wave and made from an
acoustic grating with curled slits was described in [7]. A new acoustic gradient-index
metasurfaces engineered from soft graded-porous silicone rubber with a high acoustic index
was offered by Y. Jin at al. [8] in applications to flat acoustic lens.

In the last years, the phenomenon of optical photonic jet [9-11] has attracted great
attention not only because of the scientific interest of the phenomenon, but due to its potential
applications in the design of optical sensors, tools for precision surgery, among other, in
optics [9, 11-12], Terahertz imaging [10, 13-15], plasmonic [16, 17], etc. A photonic jet is a
narrow beam with high intensity that emerges from the shadow surface of a dielectric particle,
mainly cylinder or sphere, with diameters of several wavelengths, of the indicent wave, and
refractives index contrast, between the material an the surrunding medium, usually less than
two [9,11]. It has been demonstrated that the waist of the photonic jets can be beyond the

diffraction limit by varying the refractive index contrast and the size of a sphere [9, 11].



It is well known that both acoustic and electromagnetic waves share many phenomena.
Therefore, studies developed for electromagnetic waves can be extended to acoustic waves,
taking into account the intrinsic differences between them. One of the most significant
examples are acoustic lenses, which are currently used in different areas ranging from
engineering to medicine. Like optical lenses, acoustic lenses focus sound in the same way:
using the phenomenon of diffraction or refraction. Thus, as in the optical case, in acoustics
there are different types of acoustic lens designs: Fresnel lenses [18-20], lenses based on sonic
crystals [21, 22] or on metamaterials [23-25].

Very recently, due to the analogy between electromagnetic and acoustic waves, the
idea of a phononic jet, initially developed for electromagnetic waves, has been transferred to
acoustic waves. O.V. Minin and L.V. Minin [26] demonstrated for the first time, through
simulations, the existence of an acoustic analogy of the photonic jet phenomenon, which they
called "acoustojet" (AJ). They observed the existence of an acoustic field localization in the
shadow area of a penetrable sphere. The choice of material is a key problem due to the
acoustic impedance and the existence of shear wave. In the case that there is not a significant
difference between the material impedance and that of the surrounding medium, the intensity
of the acoustic jet will be great. If materials with a big impedance difference with the
surrounding medium are used, the intensity of AJ will be relatively low but, in this case
reflection from the particle is large [27]. Taking these considerations into account, if the
surrounding medium is water, there are polymer materials with a slight acoustic impedance
difference with respect to water, such as cross-linking polystyrene with divinyl benzene
(Rexolite®) [28].

It could be noted that Rexolite®, as an acoustic water immersed lens material, is
usually used for high frequency, about 20-60 MHz, showing high phase velocity (almost

constant=2315 m/s) and low attenuations (almost constant =2.2 dB/mm). But the application



of such polymer for low frequency acoustic lens operating at less than 10MHz has received
little attention in the literature

The experimental demonstration of the acoustojet phenomenon [28] was performed in
the ultrasonic range (1.01 MHz) using a Rexolite® sphere with diameter of 8 wavelength
submerged in water. The observed transverse resolution of AJ was approximately 0.52 of
wavelength in the surrounding medium, which is more than the diffraction limit. In the case of
a cylindrical geometry, similar experimental results were also obtained [29].

From the geometric laws of Classical Physics it is well known, that for classical lens
with refractive index more than 1 the curved surfaces are required to focus sound. In recent
years, the appearance of acoustic metamaterials has made possible to obtain acoustic lenses
with flat surfaces. However, the mechanization of metamaterials is sometimes difficult.
Therefore, it would be interesting to obtain a flat acoustic lens attained from an easily
machinable natural material.

This paper presents the experimental realization of an example of underwater solid
polymer acoustical lenses obtained by acoustic jet principle. Here we demonstrate that sound
focusing can be obtained by flat polymer mesoscale immersed in water with no need of
negative refraction. We report on measurements of a subwavelength focusing of an ultrasound
beam by a polymer cubic-shaped lens immersed in water at room temperature. Due to the low
acoustic impedance contrast between water and Rexolite® and taking into account the results
of [28], Rexolite® has been used. Rexolite® is a thermoset plastic produced by cross linking
polystyrene with divinylbenzene. It has remarkable electrical properties and is frequently used
in high-frequency circuit substrates, microwave components and in red-frequency and optical
devices [30, 31]. It also can be easily machined. The results obtained with Rexolite® are
compared with those obtained using polymethylmethacrylate (PMMA), that is a polymer that

is commonly used in the manufacture of acoustic lenses [32].



There are two areas where the acoustic field is localized along longitudinal axis by
cuboid particle-lens. The different nature of these two areas is discovered, discussed and
experimentally verified. The focusing capacity of the cuboid is calculated by using the Finite
Element Method (FEM). Furthermore, the influence of the size of the cuboid on the
focalization is analyzed numerically as a function of the incident wavelength A. Finally, it is
the shown for the first time that subwavelength single field localization less that diffraction
limit is possible with flat surfaces. To validate the results of the FE simulations, experimental

field plots of acoustic jets have been carried out for a range of lens configurations.

2. Numerical modelling and experimental set-up

The simulation results were obtained by using the commercial software COMSOL
Multiphysics Modeling©. All the FEM models were solved with 3D modeling. This first
approximation model represents the ideal case of plane wave front propagation in water,
normally incident on a cuboid of solid isotropic material. The cuboid is located in a host
medium. The contours of the host medium are defined as a radiation contour. This causes
Sommerfeld's condition to be fulfilled, that is, no inward reflections occur. A plane-wave
traverses this medium that contains the cube. Typical density rates and water propagation
rates are considered. The host medium was water with typical sound speed (c) and density (o)
values (Cwater = 1500 m st and pwater = 1000 kg m3). In this case, host domain was solved with
“Acoustic Module". The solid mechanics module is used to define the boundary and initial
conditions of the cuboid. Rexolite® cuboid domain is defined as isotropic linear elastic
material, determined by its longitudinal sound speed (Cirexolite = 2337 m s), shear sound
speed (Csrexalite = 1157 m s), and density (orexolite = 1049 kg m™) [25-26]. The same type of
cuboid has been selected in the case of PMMA material, but with changing its longitudinal

sound speed (Ciemma = 2757 ms™), shear sound speed (Cssmma = 1400 m s), and density



(ormma = 1200 kg m™®) [32]. To obtain a consistent solution, the multiphysics module so
called «Acoustic-Structure Boundary Conditions» that solves both modules with the perfect-
coupling condition has been used. The working frequency defined for the simulation is 250
kHz. Due to it is a numerical model solved in FEM, the 3D model is discretized using by
tetrahedral mesh type. To avoid numerical dispersion, the maximum element size was A/8. To
validate and verify the focusing properties of the cuboid, experimental measurements were
made using the ultrasonic immersion transmission technique with a total precision automated
measurement system. This system consisted of a fixed-piston ultrasonic transducer used as an
emitter (Imasonic, Les Savourots, France) with a central frequency of 250 kHz and an active
diameter of 0.032 m. As a receiver, a polyvinylidene fluoride needle hydrophone (PVDF)
(model HPM1/1, precision acoustics Ltd., Dorchester, United Kingdom) with a diameter of
1.5 mm and a bandwidth of + 4 dB covering from 200 kHz to 15 MHz, was used. The piston
transducer emitted pulses that were detected by the hydrophone. Afterwards, the signal was
acquired, post-amplified and digitalized by digital oscilloscope for PC (model 3224 of
Picoscope, Pico Technology, St. Neots, United Kingdom). The spatial resolution of the
scanning system was 1 x 1 mm?. During the measurements, the water temperature was 18°C
and the scanning was carried out with steps of 1 mm. The Rexolite® sample measured and
the experimental set-up are shown in Figure 1. The cuboid was manufactured from a
Rexolite® commercially available cylinder and it was machined using a numerical control

milling machine.

3. Results and discussion

|P|?

e distributions

First, Figure 2 shows the simulated normalized sound pressure

(where p is the sound pressure and pi is the incident sound pressure) for Rexolite® cuboids of

five different sizes in XZ planes. As can be seen in Figure 2 (a), on the shadow surface of the



cuboid side 21 appears the AJ, this is an acoustic field enhancement with a subwavelength
focus. The Full Width at Half-Maximun (FWHM) in this case is 0.444 (or 2.64 mm), where A
is the wavelength in water, A= 6 mm. It is important note that such a resolution of AJ is less
than diffraction limit (4/2n) = 4.7 mm (where n is the refractive index contrast).

As the size of the cuboid edges increases (from 24 to 44 with steps of 0.51) the
position of AJ varies, as shown in Figures 2 (b) - (e). Likewise, the FWHM of AJ also
increases (see Table I). For a mesoscale cubic particle, the mechanism of focus formation is
due to two main effects. First, a wave inside a cubic particle near the edge propagates with a
higher phase velocity than a wave in the center of the cube. Second, there is a curvature of the
normally incident plane wavefront at the edge of the cuboid. Furthermore, this curvature is
such that the wave is directed into the cuboid from the edges to the center. In this case, the

two maxima of these waves converge at the center, forming a focus in the form of acoustic jet.

To explain this phenomenon, Figure 3 shows the simulated relative intensity (f = p - U, Where
p is the sound pressure and v is the particle velocity) flow diagrams in XZ planes for the
different sizes of the cuboid considered. Figure 3 (a) shows that there are regions where the
intensity lines produce vortices, in such a way the vortices (marked with circles) near the
illuminated side of the cuboid redirect the intensity flow to different areas of the cuboid. As
the size of the cuboid increases (see Figure 3 (b)) the distribution of these vortices varies,
resulting in a redistribution of the energy inside the cuboid. It is observed that for the cuboid
of size 34, the convergence of the intensity flow lines is maximum in certain areas of the
interior near the shadow surface of the cuboid, giving rise to the formation of jets with lower
pressure, greater FWHM and greater distance from the surface of the cuboid.

Another effect that can be observed is the formation of a secondary focus in the cuboid
of size 3.51 (see Figure 2 (d)), for distances around 44 (3.894) and A (0.744) from the

shadow side of the cuboid. This secondary focus is formed due to the interference created by
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the lateral lobes of the jet that become convergent for this size of the cuboid, the path

difference for these distances is zero which satisfy the constructive interference condition.

|P|?
|P;|2 "

These interferences produce an enhancement of the normalized sound pressure

being

4.02 and 2.73 at A and 44 distance, respectively. The values of FWHM and focus length of the
secondary focus located at 44 are 1.164 and 6.064 respectively. Finally, for a cuboid of size
44, focusing effect is observed at a distance of 81 from the shadow side of the cuboid, and
hence 124 from the “illuminated” (front) side. This effect is created by the far-field obstacle
diffraction due to the interference phenomenon of the secondary sources at the “illuminated”
side acording to the Huygens principle. To corroborate this fact, a simulation was carried out
replacing the Rexolite® cube of size 44 with a rigid solid cube of size 44. To ensure that there
is no propagation of waves inside the cuboid, the rigid solid condition is used. As shown in

Figure 4, it is clearly seen that the focusing effect at distance 84 is due to diffraction.

Cuboid Side (A) 2 2.5 3 3.5 4

FWHM (A7) 0.44 | 0.24 | 0.71 | 0.73 | 0.95

Acoustic Jet Length, L (4) | 1.12 | 0.32 | 1.28 | 0.96 | 1.88

z 72 111|129 | 41 | 21
|Pfocusl (PaZ)

|Pincident|2

2
Table I. Full Width at Half-Maximum (FWHM), Acoustic Jet length (L) and %as a
incident
function of cuboid size.

It is interesting to note that the effect of focusing with a wavelength-scaled particle in
two foci is also valid for the optical band. Wu et al [33] propose a "superlong” photonic jet
was where two maxima in the distribution of the field intensity along the jet are observed.

However, the nature of this effect was not fully explored [33].



For comparison with Rexolite® cuboid, PMMA cuboids of edge size 24 and 34 are

distributions in XZ

used. Figure 5 (a)-(b) show the simulated normalized sound pressure 'P'F

[Py

planes for PMMA cuboids of 21 and 34 size respectively. As can be observed both in Figure
5(a) and Figure 5(b), on the shadow surface of the cuboids side appear the AJ at the same
position. When comparing these results with those of the Rexolite® cuboids (see Figure 2) it
is observed that in the case of the PMMA cuboid of size 34, the AJ is on the shadow surface
of particle while in the case of Rexolite® cuboid, the AJ is out of shadow surface. Moreover,
in the case of 31 edge size PMMA cuboid, the second focus (due to scattering) is more visible
but for Rexolite® cuboid it is not visible. It is important if we plan to apply this particle for

single-focus device. To explain this different behavior, in Figure 5 (c) - (d) it is shown, the

simulated relative intensity (I = p - %) flow diagrams in XZ planes for cuboids of 24 and 34
size respectively. As can be seen, in the case of PMMA cuboids, the vortices are not found
near the cuboid, unlike the Rexolite® cuboids, resulting in a different redistribution of the
energy inside the cuboid. This fact is due to the different sound speed of the materials and
more lower ratio of ¢ / ¢s for PMMA. So by selecting to materials properties, control of
maximum pressure area position (jet) along z-axis is possible. In this case, unlike the PMMA
cuboids , Rexolite® ones allow to vary the position of the maximum pressure area by varying
the size of the cuboid.

To demonstrate and experimentally verify the acoustic focusing along the direction of
acoustic wave propagation, we select a Rexolite® cuboid with an edge size of 3.54. From
Figure 6 it can be seen that the simulated and experimental results agree well, which allows to
validate the results of the simulations presented in this paper.

The possible discrepancies between the simulated and experimental results are due to

the fact that the incident wave can not be guaranteed to be completely plane since, although



the cuboid was at a relatively long distance from the transducer, its emission is not really

plane waves.

4. Conclusions

In this paper, the ultrasonic field localization produced by polymer cuboids lens
immersed in water for low frequency has been investigated for the first time. As a polymer,
Rexolite® has been used since it is a material with a low acoustic impedance difference with
respect to water. By changing the edge size of the cuboid, it has been shown that the position
of the acoustic jet varies, as does the FWHM. It has been observed and experimentally
verified the appearance of effect of 2 foci farther from the cuboid and of a different nature.
Such two-focusing acoustic particle-lens will greatly facilitate potential applications of far-
field acoustic optics. It was also shown for the first time that it is possible to form
subwavelength field localization near the shadow surface of 21 metamaterial free cuboid lens
with FWHM less than diffraction limit. The results have been compared with PMMA cuboids
and it has been observed that the AJ apperars at the same position on the shadow surface of
the cuboids when the cuboid size varies. This effect is due to the different sound speed of the
materials. So, control of maximum pressure area position along z-axis is possible by selecting
to materials properties. Rexolite® is preferable polymer than PMMA in application to
acoustic jet. The use of cuboids from a material such as Rexolite® is an inexpensive and easy
way to obtain flat ultrasonic wavelength-scaled flat lenses. The potential applications of this
type of particle-lens are varied and range from medical ultrasound to engineering applications
and will be useful in the development of new ultrasonic devices, for example as a double co-

propagating acoustical traps.
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FIGURE CAPTIONS

Figure 1. Detail of (a) Rexolite® sample measured and (b) experimental set-up.

Figure 2. Normalized sound pressure l';’

2
IIZ distributions in XZ planes for Rexolite® cuboids

i

different sizes: (a) 22, (b) 2.54, (c) 3A, (d) 3.51 and (e) 41

Figure 3. Normalized relative intensity flow in XZ planes for Rexolite® cuboids different
sizes: (a) 2\ (the inset corresponds to an enlargement of the illuminated face of the cuboid.

Vortices are indicated in the circles),and (b) 31

Figure 4. Normalized sound pressure L8 distribution in XZ planes for a solid rigid cuboid of

Ipil?

edge size 4\

2
Figure 5. Normalized sound pressure %distributions in XZ planes for PMMA cuboids of

edge size: (a) 2A, (b) 3A. Normalized relative intensity flow in XZ planes for PMMA cuboids

of edge size: (c) 2x and (d) 3A.

Figure 6. Comparison of (a) simulated and (b) measured normalized sound pressure

distribution in XZ planes for Rexolite® cuboid of 3.5 size.

15



TABLE

Cuboid Side (A) 2 | 25| 3 | 35| 4

FWHM (1) 044024 [0.71]0.73|0.95

Acoustic Jet Length, L (A) | 1.12 | 0.32 | 1.28 | 0.96 | 1.88

2 72 1111 29 | 41 | 21
|Pfocus| (Paz)

|Pincident|2

2
Table I. Full Width at Half-Maximum (FWHM), acoustic jet length (L) and Procus|_

|Pincident|2 '
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