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In this paper we present a new way to obtain tunable acoustic hooks. The breaking of the symmetry of the
material composition is used for the generation of acoustic hooks from Janus cylinders. This fact is possible by
using sonic crystals to vary the refractive index of two half-cylinders. The study has been carried out numerically,
using the Finite Element Method. By changing the contrast of refractive indexes between the two half-cylinders
or by rotating the Janus cylinder, acoustic hooks can be obtained that can be tunable with bending angle ranging

from 1° to 21°. Full Width at Half-Maximum can be obtained with values close to the diffraction limit. This
structure provides an efficient method to precisely tune the acoustic hook depending on it use.

Introduction

The idea that a wave, of whatever type, propagates in a straight line
in a homogeneous medium has been known since ancient times. Of the
different phenomena that they can present, wave beam bending has
attracted interest from researchers and has been under investigation
since Siviloglou et al. [1,2] proposed and experimentally observed in
2007, the possibility of an electromagnetic wave propagating along a
curved path. This exotic behavior arises from quantum mechanics: a
beam can propagate in a curved path if the quantum wave function
follows an Airy profile [3]. An overview in the field of Airy beams can be
found in Ref. [4].

In 2018, a near-field curved optical beam [5] was presented whose
origin is different from those of Airy beams. This new curved optical
beam was named “photonic hook”, and was observed experimentally in
the Terahertz range in 2019 [6]. This phenomenon has also been
demonstrated for surface plasmon waves [7]. The photonic hook is ob-
tained when a plane wave hits an asymmetric dielectric particle. Due to
the phase velocity difference and wave interference between the upper
and lower parts of the particle, a curved light beam forms near the
particle shadow surface.

The concept of photonic hook has recently been extended, to other
type of waves such as acoustic waves, by Rubio et al. [8]. They first
reported both experimental and simulated observation of a new type of
curved acoustic beam, which they called “acoustic hook”. This curved
acoustic beam was generated using a trapezoidal-rectangular prism
Rexolite® particle immersed in water, which is incident on an ultrasonic
flat wave at the frequency of 250 kHz. As in the case of electromagnetic
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waves, the acoustic hook is produced by the breakdown of the structural
symmetry of the particle. Other method could be used to break the
particle’s symmetry. Gu and Geints et al. proposed refractive index
contrast modification between parts of the particle [9,10] using two
different materials to build the particle.

In this paper, we demonstrate by numerical simulation that acoustic
hooks can be generated from a Rexolite® cylinder. Varying the speed of
sound propagation of each half of the cylinder result on each half of the
cylinder has a different refractive index. These types of particles are the
so-called the Janus cylinder. To achieve a contrast of refractive indices
in the cylinder, a Sonic Crystal (SC) will be used in one of the halves. The
influence on the bending of the refractive index contrast between the
two halves will be analyzed. The variation of the refractive index will be
carried out by modifying the filling factor of the SC, with which the
tunability of these acoustic hooks will be achieved.

Numerical modelling

Numerical simulations were conducted using a commercial software
COMSOL Multiphysics© using Finite Elements Method to investigate the
acoustic field distribution inside and outside the particle. To reduce the
computational cost and take advantage of the limit and initial conditions
of the problem, a two-dimensional model has been used. This is possible
given that the height of the cylinder is considered enough large
compared to its transverse dimensions, in addition to analyzing the
pressure field in the vicinity of the cylinder surface (Fig. 1). Fig. 2 shows
the details of the implemented FEM model: a cylinder of material
(Rexolite®) is introduced into a medium (water). Therefore, two
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Fig. 1. A Rexolite® cylinder in which it is divided into two halves with
different refractive index generates an acoustic hook. The incident wave is
considered an Incident Plane Wave (IPW).
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Fig. 2. Scheme of the geometry and boundary conditions of the implemented
FEM model. ny ngc, and nggx are the refractive indices of water, SC and
Rexolite®, respectively. The Rexolite® cylinder is divided into two halves with
different refractive index, the upper part nsc and the lower part nrgx.

perfectly coupled physical modules were used to obtain the solution. To
achieve a perfectly matched system, the contours of the cylinder, as well
as the contours of SC within the cylinder, are included in the multi-
physics module so that the interaction of solid structure is achieved,
considering that the Rexolite® cylinders had two sound propagation
speeds (longitudinal and shear). The solid mechanical modulus resolved
the solid-structure interaction in the cylinder that was implemented as
an isotropic linear elastic material, using three Rexolite® physical pa-
rameters: longitudinal wave velocity (¢; = 2337 m/s), shear wave ve-
locity (cs = 1157 m/s) and density (prex = 1049 kg/m3). The acoustic
module contained the solution for the host domain (water) considering
the speed of sound (c = 1500 m/s) and density (p = 1000 kg/m3). The
background pressure field was selected to emulate the plane wave
incident. To emulate an infinite medium and avoid reflections on the
model walls, the edges of the host were defined as radiation contours. In
this way, Sommerfeld condition is obtained. The mesh was defined as a
triangular typology. To avoid numerical dispersion, the maximum size
of the mesh element was 2/10.

Results

The existence of an intense acoustic field located on the shadow
surface of a particle, also called an acoustic jet (AJ), is known when an
acoustic wave hits it [11,12,13]. If the particle is of a homogeneous
material, the AJ is symmetric about the axis in the direction of
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Table 1

Numerical parameter results for different Rexolite® cylinder radius, R.
R/ Tmax/Tine FWHM/A
3.00 4.13 0.43
3.50 3.21 0.73
4.00 3.46 0.58
4.50 4.67 0.47
4.75 4.91 0.53
5.00 3.85 0.46
5.50 4.19 0.58
6.00 4.05 0.52

(a.u.)

0.00
X(A)

Fig. 3. Acoustic intensity distribution (Imax/Iinc) (arbitrary units) for a homo-
geneous Rexolite® cylinder of radius R = 4.75)\.

(a) ] (b)

Fig. 4. (a) 3D cylinder (b) 2D sectional view (The cross section of the cylinder
that is located in the XZ plane is analyzed).

propagation. However, the acoustic intensity and the Full Width at Half
Maximum (FWHM) of the AJ depend on the material and the particle
size. FWHM being the distance between the two points adjacent to the
maximum value at which the normalized acoustic intensity reaches the
half its maximum value. The effect of Rexolite® cylinder size on the
normalized acoustic intensity Inax/linc (Where I« is the maximum AJ
intensity and Ij,. is the incident intensity) and on the FWHM was studied
in a range of radius R = 3\ — 6\, where A is the average wavelength of
the host, which was water. The incident plane wave of f = 250 kHz
propagates along the X direction. The values of Iax/Iinc and FWHM are
presented in Table 1. It is observed that the maximum value of Lyax/Iinc
is obtained for a radius of cylinder of R = 4.75), being its FWHM = 0.531
A, which can be considered subwavelength. That's why the cylinder
radius was established as 4.75), value obtained by parametric resolution
of the numerical model. Fig. 3 shows the distribution of the acoustic
intensity Iax/linc in XZ planes around and inside the Rexolite® cylinder
with a radius R equal to 4.75)\. In this case, an acoustojet with a sym-
metrical pattern is observed.

Once the radius of the cylinder was selected, it was replaced by a
Janus cylinder. To achieve this, the upper-half cylinder was drilled to
create a SC (see Fig. 4), while the lower-half cylinder was not modified.
As the cylinder was immersed in water, the inner of the holes was also



S. Castineira-Ibanez et al.

X(A)

Results in Physics 24 (2021) 104134

0.00
X(A)

Fig. 5. Distribution of the normalized acoustic intensity Iax/Iinc in XZ planes around and inside the Janus cylinder with a radius R equal to 4.75A and with a SC with
a = 3 mm and different hole radii on the upper-half cylinder: (a) r = 0.20 mm or r = 0.033), (b) r = 0.30 mm or r = 0.0504, (¢) r = 0.35 mm or r = 0.058), (d) r =

0.40 mm or r = 0.066A.
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Fig. 6. Angle p to quantify the curvature of the acoustic hook.
Table 2

Numerical parameter results of the bending angle for a 4,75 A radius Janus
cylinder consisting on Rexolite® and SC with 3 mm of lattice constant and
different radii, r.

r (mm) ff (%) Imax/Tinc FWHM/A BC)
0.10 0.35 3.06 0.68 0.00
0.15 0.79 3.88 0.58 0.05
0.20 1.40 4.06 0.59 3.75
0.25 2.18 3.06 0.72 5.82
0.30 3.14 3.38 0.74 12.09
0.35 4.28 2.88 0.88 14.12
0.40 5.59 1.79 1.03 19.18

filled with water. In a such way, we had the lower-half Rexolite® cyl-
inder with a refractive index nggx and the upper-half cylinder with a
refractive index ngc. In this work, we took water refractive index as
reference, ny. The refractive index of the upper-half cylinder containing
the SC is given by ngc = ff-nw + (1 — ff)-ngex, where ff is the filling
fraction, that is the relation between the area occupied by the holes and
the area of the lattice.

It is well known that for a SC, the refraction index depends on the ff.
In a SC, this parameter depends on the lattice constant, a, (which de-
termines how much the holes are separated from one another) and the
size of the hole, which in our case, being cylinders, depends on the radii,
r (see Fig. 2). To study the ff influence on the creation of the acoustic
hook, we chose a SC with a square lattice and a constant lattice a = 3

Table 3

Numerical parameter results of the bending angle for a 4,75 A radius Janus
cylinder consisting on Rexolite® and SC with 0.3 mm hole radii and different
lattice constant.

a (mm) Ff (%) Imax/Tinc FWHM/), B ()
2 7.07 1.99 0.64 21.12
3 3.14 3.38 0.74 12.09
4 1.77 3.98 0.71 4.66
5 1.13 4.07 0.64 3.06
6 0.79 4.57 0.63 2.63
7 0.58 5.37 0.58 2.98

mm. The radii of the holes vary from 0.1 mm to 0.4 mm. Fig. 5 shows the
distribution of the acoustic intensity Ihax/Iinc in XZ planes around and
inside the Janus cylinder with a radius R equal to 4.75\ and with a SC
with a = 3 mm and different hole radii on the upper-half cylinder.

It is observed that the acoustic hook appears when hole radii increase
(equivalently increase the ff) while the lattice constant is fixed. As ff
increases, the bending becomes more apparent, although the acoustic
intensity of the acoustic hook decreases. To quantify the curvature of the
acoustic hook [5,8], this is determined by a midline aided by an angle
between the two lines, which link the start point with the inflection
point and the inflection point with the end point, respectively (see
Fig. 6). Table 2 shows the numerical results.

The difference in acoustic properties between two half-cylinders
results in the breaking of the symmetry in the cylinder. This gives rise
to waves passing through each of the cylinder halves with different
propagation speeds. Equivalently, using different refractive indices
gives rise to a redistribution of the acoustic pressure within and near its
shadow surface. The beam outside the cylinder is an interference from
the wave fields coming from each of the two halves of the cylinder.
Hence, depending on the contrast between the refractive indices of each
of the cylinder halves, the bending of the beam and its intensity can vary
substantially since the acoustic hook is the result of constructive
interference.

In the case of keeping the radii of the holes constant and varying the
lattice constant, the results obtained are the same as the previous case.
Table 3 shows the numerical results obtained for the case of hole radii, r,
constant and equal to 0.3 mm and lattice constant variable from 2 to 7
mm.

We studied the influence that the refractive index contrast between
the lower-half and the upper-half cylinder has on the bending angle, p.
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Fig. 8. (a) Schematic view of rotation angle o, (b) Bending angle f as a function of rotation angle a, for a 4,75 X radius Janus cylinder consisting on Rexolite® and SC

with 3 mm of lattice constant and 0.3 mm holes radii.
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Fig. 9. (a) Schematic view of rotation angle a = 90° and (b) simulation result, where A = 0.48) (c) Schematic view of rotation angle a = —90° and (d) simulation

result, where A = 1.18\.

The refractive indices of the two cylinder halves are respectively ngc and
ngex, and ny is the refractive index of water, as shown in Fig. 7(a) When
ngc/npex > 1, the bending angle f is positive, while for values of ngc/
ngex < 1, the bending angle takes negative values, as shown in Fig. 7(b).
This shows that the bending angle and the direction of the beam depend

on the contrast of refractive indices between the lower-half and the
upper-half cylinder. As can be seen in the Fig. 7(b), it is verified that the
variation of the angle p with respect to the ngc/nggx ratio is identical
both for the case of being greater or less than unity, presenting a linear
behavior.
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The bending angle can also be tuned by rotating the cylinder a
certain angle, either clockwise or counter-clockwise. We call the rota-
tion angle of the cylinder, a, as shown in Fig. 8(a). A 4.75 A radius Janus
cylinder consisting of Rexolite® and a SC with 3 mm lattice constant and
0.3 mm hole radii was analyzed. A rotation angle from —90° to 90° has
considered. As can be seen from Fig. 8(b), the maximum bending angle
(B = 27.14°) is obtained for a rotation angle, a, of 30°. In this case, the
bending angles are always positive, regardless of whether the rotation
angle is clockwise or counterclockwise. Therefore, the value of the
bending angle does depend on whether the rotation angle is clockwise or
counterclockwise. This is due to a redistribution of the acoustic pressure
within and near its shadow surface, as discussed above.

The rotation for a 4,75 A radius Janus cylinder consisting on Rexo-
lite® and a SC with 3 mm of lattice constant and 0.3 mm hole radii is
analyzed below. In the case of a rotation angle, a, of 90°, both counter-
clockwise and clockwise, the bending angle f is 0°. However, in the case
of a = -90°, the beam is further from the cylinder than in the case of a =
90°, as shown in Fig. 9. It is observed that the intensity in the focus is
greater when —90° has been turned (counter-clockwise) and therefore
the SC is on the right side of the cylinder.

Conclusions

The creation of acoustic hooks from Janus cylinder were studied
numerically. To obtain the Janus cylinders a Rexolite® cylinder were
used. One of the halves was drilled to include sonic crystals. Accord-
ingly, both half-cylinders had different refractive index. Simulation re-
sults carried out with the Finite Element Method shown that it was
possible to obtain an acoustic hook with an FWHM close to the
diffraction limit. Acoustic hooks could be obtained modifying the
contrast of the refractive indices of the two half-cylinders or by rotating
the Janus cylinder. Results obtained in this paper may have potential
applications in the development of new ultrasonic devices for applica-
tions in manipulating or trapping objects as well as in the development
of instrumentation with medical applications.
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