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Abstract: Zone plate lenses are used in many areas of physics where planar geometry is advantageous
in comparison with conventional curved lenses. There are several types of zone plate lenses, such as
the well-known Fresnel zone plates (FZPs) or the more recent fractal and Fibonacci zone plates.
The selection of the lens material plays a very important role in beam modulation control. This work
presents a comparison between FZPs made from different materials in the ultrasonic range in order to
use them as magnetic resonance imaging (MRI) compatible materials. Three different MRI compatible
polymers are considered: Acrylonitrile butadiene styrene (ABS), polymethyl methacrylate (PMMA)
and polylactic acid (PLA). Numerical simulations based on finite elements method (FEM) and
experimental results are shown. The focusing capabilities of brass lenses and polymer zone plate
lenses are compared.
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1. Introduction

The development of modulating and focusing energy systems has been a field of study of great
interest for scientist and engineers. The lens is a devices that is able to perform this energy modulation.
Lenses allow beam forming, control propagation and focusing the energy that impinges on them.
These effects are produced by refractive and diffractive phenomena. Transmission efficiency is one of
the most important aspects, particularly when low impedance contrast is presented between the lens
and the host medium. Due to the wide versatility of the lenses, they have been used in different areas.
For example, they have been applied in sonochemistry [1], construction [2] and the pharmaceutical
industry [3].

The acoustic lenses, depending on the physics involved in the beam formation, can be divided
into different groups, including refractive lenses and diffractive lenses. One example of lenses based on
the refraction phenomenon are sonic crystal lenses made of periodic distributions of rigid cylinders [4].
Due to the subsonic sound speed inside the crystal, these lenses act similar to those in optical systems.
Another example of this typology of acoustic lenses are those which modify the refractive index using
labyrinths. These type of lenses are the so-called Gradient-Index lenses [5–7].

The other subtype of lenses, based on the diffractive phenomenon, conducts its behavior on the
constructive interferences of the pressure field. An example of these types of lenses is the fractal lenses,
which are able to generate different foci depending on their fractal geometrical properties [8]. Fresnel
Zone Plates (FZP) have an improved focusing capacity. Among the different ways to implement FZPs,
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one of the most common and easiest is to alternate transparent and blocking zones, which results in a
Soret type FZP [9]. To obtain these blocking areas, materials that are opaque to sound are required.
This fact is accomplished by selecting materials that have a high impedance contrast with the host
medium. There are studies that have implemented Soret FZP (SZP) by ultrasounds based on these
type of lenses [10].

A material that has a high impedance with respect to water and that allows for the creation of
opaque zones to achieve a Soret type lens is brass. However, this type of material has limitations,
especially when used in fields such as bioengineering. The use of acoustic lenses in medicine for
high intensity focused ultrasounds (HIFU) treatment is one of the current lines of research. magnetic
resonance imaging (MRI) is the technique that is most used for guiding HIFU treatment [11].

MRI is a technique used for soft tissue structure imaging in a non-invasive way. The image is
obtained by aligning and relaxing the magnetic moments of the atoms of the introduced elements in
the MRI. Tissues are exposed to a strong external time-independent magnetic field. Thus, metallic
elements cannot be introduced in the resonance zone due to their interference in the image and because
they could damage MRI-systems. To avoid interaction with the electromagnetic field, non-metallic
materials should be used in the construction of lenses. One of these materials is polylactic acid
(PLA) [12]. The MRI environment requires materials such as PLA for medical instruments and patient
supports. Recently, PLA has been used for this purpose and its reliability has been shown [13].
The HIFU transducer is embedded within a specially designed table that fits into the MRI device.
This integrated system, has a degassed water bath where the transducer is located. The patient lies
over this system on [14]. Although the transducer and the lens must be immersed in this water bath,
degradation of the PLA will occur over long-term immersion. PLA degrades in water after a period
ranging from months to a year [15]. Therefore it must be taken into account that, in MRI systems, the
lens and the transducer are not permanently submerged. After 20 to 25 min, the system is extracted
from the water bath, and for this reason, the time of degradation due to being immersed in water can
be prolonged considerably.

In this work, three lenses with three types of compatible materials with MRI environments are
compared. In this sense, acrylonitrile butadiene styrene (ABS), polymethyl methacrylate (PMMA) and
polylactic acid (PLA) materials are used. Furthermore, a SZP built in brass is compared. Although,
this material is not MRI compatible, it is the nearest to the ideal SZP that can be implemented in real
projects. In the comparison, a not compatible with MRI lens built in brass and an ideal Soret lens
will be added. Results are obtained and compared both numerically and experimentally. Numerical
results have been obtained using the commercial software COMSOL Multiphysics 4.3a by COMSOL
Inc. (Sweden) [16]. In this work, it has been verified that the ratio of the transmission capacity that is
related to the ratio of impedances of the medium and the lens, directly influences the focusing capacity.

2. Methodology and Theoretical Analysis

Fresnel zone plates are circular concentric structures, which are known as Fresnel regions. Every
consecutive region has a π phase shift between them. This fact makes a coherent contribution to obtain
high intensity levels at focal length (FL), which is the location in the axial coordinate where the focus
is placed. The number of Fresnel regions is defined as N, this includes both opaque and transparent
acoustic sections. The working frequency is defined as f0 and radial distances (rn) of each Fresnel zone
can be obtained using Equation (1) valid for plane wave incidence.

rn =

√
nλFL +

(
nλ

2

)2
n = 1, 2, ..., N (1)

In this work, underwater transmission is considered and lenses are designed for ultrasound
applications. Therefore, piston sources have to be considered when FZPs are implemented. Due to
spherical wave incidence consideration, Equation (2) has been used where d is the separation between
the point source and the lens.
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d + FL +
nλ

2
=
√

d2 + r2
n +

√
F2

L + r2
n (2)

The acoustic wave has to propagate through the host medium, then cross Fresnel regions and
afterwards continue through the host medium. A three-layer configuration has to be considered
(Figure 1). Acoustic impedance (Z) is defined as the product of the medium density (ρ) and the sound
propagation velocity (c) in it. Therefore, it is necessary to consider the input (Zin) and output (Zout)
acoustic impedance and the transmission pressure coefficients must be calculated (t). This coefficient is
a clear indicator of the blocking capacity of the elements of the FZP. Hence, t is defined as the relation
between the transmitted field and the incident field. Density (ρ), sound propagation velocity (c) and
acoustic impedance (Zmat) values have been shown in Table 1. Using these values in Equation (3),
Zin could be obtained [17].

Zin = Zmat
Zout + jZmat tan(kmatd)
Zmat + jZout tan(kmatd)

(3)

where km is the wave number, defined as km = ω/c. Considering ω = 2π f0. Once Zin is obtained,
reflection coefficient is defined in Equation (4).

rin =
Zin − Zwater

Zin + Zwater
(4)

The equation that relates the field balance as a function of the impedance and reflection coefficient
of the system is defined in Equation (5) and gives t values depending on the material.

|t| = |p
+
t |
|p+in|

=
√
(1− |rin|2) (5)

Figure 1. Transmission diagram of the implemented lenses.
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Table 1. Density and sound speed values. Acrylonitrile butadiene styrene (ABS), polylactic acid (PLA),
and polymethyl methacrylate (PMMA).)

Material ρ (kg/m3) c (m/s) Zmat(Rayls) Zmat /Zwater

ABS 1050 2250 2.4·106 1.58
PLA 1240 2220 2.8·106 1.84

PMMA 2690 1191 3.2·106 2.14
Brass 8400 4700 39.5·106 26.32

PLA-Air-PLA 398 944 3.6·105 0.25

Considering the transmission coefficient values obtained (0.23 for brass, 0.51 for PLA-Air-PLA and
more than 0.95 for ABS, PLA and PMMA), it can be affirmed that full implemented MRI compatible
material lenses will focus less energy at the FL if it is compared to brass FZP or ideal SZP. Therefore,
one solution is proposed to obtain the desired impedance contrast. A FZP that includes an air chamber
inside the structure has been implemented by using a 3D-printer. Thus, both lenses, full-PLA and
air-chamber, have been compared.

2.1. Numerical Model

The finite elements method (FEM) has been used to obtain a numerical solution of the physical
problem. The finite elements method allows us to study the physical phenomena involved in the
interaction of waves with FZPs. Therefore, a mathematical model that replicates the conditions of the
problem has been implemented. This method also allows us to determine the pressure distribution
of the diffracted fields generated by the FZP when there is a piston emitter, causing interference
phenomena. From the mesh generated by FEM, a partial differential equation solution is obtained for
each node [18]. In this case, acoustic Helmholtz equation is considered (Equation (6)). To solve the
Helmholtz equation, standard values of water such as density of the medium (ρ =1000 kg/m3) and
sound propagation velocity (c = 1500 m/s) have been considered. The working frequency of the FZPs
is 250 kHz and it can be found by its relation with the angular velocity (ω). Finally, p corresponds to
the acoustic pressure.

∇ ·
(
− 1

ρ0
(∇p)

)
=

ω2 p
ρ0c2 (6)

If a 3D model is considered, this will require high computational resources. To simplify the model
and reduce this computational cost, as shown in previous works [19,20], the geometrical properties
of the model are used taking advantage of its axisymmetry. Therefore, the model is simplified by
implementing a semi-lens only. A complete solution is obtained by rotating it from its symmetry axis.
This procedure achieves a reduction of the degrees of freedom necessary to obtain the results of the
numerical simulation and thus significantly diminishing the calculation time.

The boundary conditions defined in the numerical models are explained below as seen in Figure 2.
The contours of the model are defined as wave radiation condition boundary to emulate an infinitely
large medium and therefore the Sommerfeld condition is satisfied. Acoustic impedance domain
definition has been used for all opaque Fresnel regions for each lens. In the case of the SZP lens,
the contours are considered infinitely rigid, applying the Neumann condition (the sound velocity in
the contour is zero).
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Figure 2. Scheme of the finite element method (FEM) conditions.

3. Experimental Set-Up

It is required to validate the results obtained from the theoretical models with other solutions
such as numerical models and experimental measurements. In this sense, obtaining experimental
results is fundamental to validate the numerical models. A complex measurement and acquisition
system is needed to perform the experiments given the technical difficulties to control the underwater
devices. The Center for Physics Technologies: Acoustics, Materials and Astrophysics of the Universitat
Politècnica de València has a robotized and automated system for high precision ultrasound
measurements. The robot is built based on the size of the immersion tank where the tests and
experiments are carried out, which contains distilled and degassed water, with dimensions of
0.5 m wide by 0.5 m high by 1 m long. These dimensions suppose that the immersion tank must
contain around 200 L of distilled water to be functional, and allow both transducers and devices
to be completely submerged, and avoid reflections due to the impedance changes produced by the
change medium.

The measurement system is composed by a fixed emitter and a hydrophone coupled to the robotic
system. This system obtains reliable and precise results that allow for the evaluation of the acoustic
phenomena involved in these types of lenses. A plane immersion piston transducer built by Imasonic
with 250 kHz of central working frequency and an active diameter of 32 mm has been used as the
emitter. Also, a Precision Acoustics hydrophone, model 1.0 mm Needle Hydrophone is used as the
receiver. This hydrophone is capable of measuring high frequencies, even if they have a very weak
signal level. The sensitivity of the hydrophone is 850 nV/Pa (−241.4 dB 1V/µPa) with a tolerance
of ±3 dB. The frequency response is flat ±2 dB between 3 and 12 MHz and ±4 dB between 200 kHz
and 15 MHz. The bandwidth ranges from 5 kHz to 15 MHz. Figure 3 shows an experimental set-up in
a measurement. Two types of different configurations are used to generate and amplify the signals.
The first one is to use an external function generator connected to a high power amplifier. The second
configuration is to use a pulse generator (5077PR of Panametrics) with integrated amplifier. This
generator and amplifier allows generating pulses with frequencies between 100 kHz and 20 MHz, a
pulse repetition frequency (PRF) from 100 Hz to 5 kHz and a pulse amplitude between 100 and 400 V.



Appl. Sci. 2018, 8, 2634 6 of 9

Figure 3. Experimental set-up.

All the results shown below are obtained for a working frequency of 250 kHz. For the experimental
comparison, three lenses have been implemented, two made of PLA and one of brass. Every
lens considered in this work was designed with 11 Fresnel zones and an outer radius of 88.8 mm.
The thickness of the brass lens was 1 mm. For manufacturing reasons, the rest of the lenses had a total
thickness of 5 mm. Figure 4 shows both PLA and brass lenses. Both PLA lenses are identical, the only
difference being an inner air chamber to achieve a higher impedance contrast. As described in the
previous section, it is not possible to differentiate them by the naked eye.

Figure 4. Implemented lenses, (a) PLA and (b) brass.

4. Results

Intensity gain for longitudinal axis cuts and maps have been calculated to compare all the lenses
coherently. One parameter, which can be used to evaluate the focusing capacity of a lens is the intensity
gain (G). The intensity gain is related with the intensity with both the intensity with lens (I) and
intensity without lens (I0), as shown in Equation (7).

G(dB) = 10 · log10(I/I0) (7)

Intensity gain values have been calculated from Equation (7). Figure 5, shows the intensity gain
for longitudinal cuts on the Z axis for both, numerical and experimental results. It can be seen from
Figure 5a, that higher impedance contrast, as in the case of the ideal SZP or brass FZP lens, gives rise
to a higher gain levels. As expected, the lower gains are obtained with those materials with impedance
contrast values between 1 and 2 and for impedance contrast values lower than 1, the intensity gain
increases. ABS, PLA, PLA-Air-PLA, and PMMA polymers, according with the values showed in
Table 1, are not able to achieve enough intensity gain as brass FZP. By comparing the experimental
results obtained for brass and PLA (see Figure 5b) with numerical ones (see Figure 5a) it can be seen
that there is a good agreement. From Figure 5b, it is observed that the air chamber PLA lens has
higher intensity gain than full PLA lens. This fact can be explained by the introduction of an air
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layer. This layer, due to its low acoustic impedance, can block the transmission of the ultrasonic
waves approaching its behavior to an ideal SZP. Nevertheless, a focal length displacement of 1.66λ

is observed in the FZP lens built with air chamber and PLA. In this case, the displacement is due
to the new three-layer configuration (PLA-Air-PLA). The resolution of the 3D-printer and the wall
width needed to avoid porosities means that there is an interface between the host medium and the
air chamber.

Figure 5. Intensity gain longitudinal cuts for (a) FEM results and (b) experimental results.

Figure 6 shows four intensity gain maps, the first three obtained experimentally and the fourth
numerically. The experimental ones correspond to PLA, PLA-Air-PLA and brass, while the numerical
one has been obtained using an ideal SZP. It has been verified how the results obtained with brass
resembles the ideal SZP. This is due to the rigidity of the material. On the other hand, in PLA lens
results, a diminishing intensity gain is observed. This intensity gain level can be improved using
a PLA-Air-PLA lens. All the lenses are designed with a focal length located at 8.33λ for a working
frequency of 250 kHz. When the lens is able to block destructive interference, it is possible to locate the
focus in FL. This occurs in brass and the ideal SZP case. Resulting from the lack of blocking capability,
the full PLA FZP could not impede the incident pressure wave transferal generating aberrations in
the FL.

Figure 6. Intensity gain maps for experimental measurements and ideal SZP numerically
obtained (FEM).

5. Conclusions

Non-metallic materials can be used for the construction of acoustic lenses. Three alternative
materials, compatible with magnetic resonance, have been proposed instead of brass lenses. It has
been possible to verify that the higher the impedance contrast of the materials, the higher the intensity
gain levels. The PMMA lens has higher intensity level than ABS and PLA ones, because it has a slightly
higer impedance contrast value than ABS or PLA. However, the use of an air chamber inside the PLA
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lens increases the intensity gain levels, due to the fact that values of impedance contrast less than
one means blocking of the waves. PLA is a biocompatible material and is cheaper than PMMA. 3D
printers give open field of new lens design MRI compatible. Moreover, since PLA is a biodegradable
material, it is a environmental friendly material. This point is important in procedures that generate
waste. Nevertheless, the manufacture of PLA lenses require great care because of microporosities that
could appear. The appearance of pores can cause water to enter into the lens, drastically reducing the
blocking capacity. In addition, polymers such as PLA, ABS or PMMA are more affordable than metal
plates. This will lower the costs in the production of HIFU treatment devices based on acoustic lenses.
For this reason, PLA is proposed as an MRI compatible material with great potential for therapeutic
applications of ultrasound focusing.
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