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Abstract: Evolvable acoustic fields are considered an effective method for solving technical prob-
lems related to fields such as biological imaging, particle manipulation, drug therapy and interven-
tion. However, because of technical difficulties and the limited technology available for realizing
flexible adjustments of sound fields, few studies have reported on this aspect in recent years. Herein,
we propose a novel solution, using a Fresnel lens-focused ultrasonic transducer for generating ex-
cited-signal-dependent acoustic pressure patterns. Finite element analysis (FEA) is used to predict
the performance of a transducer with a Fresnel lens. The Fresnel lens is printed using 3D additive
manufacturing. Normalized intensity maps of the acoustic pressure fields are characterized from
the Fresnel lens-focused transducer under various numbers of excited-signal cycles. The results
demonstrate that under different cycle excitations, a temporal evolution acoustic intensity can be
generated and regulated by an ultrasound transducer with a 3D Fresnel lens. This acoustical pattern
control method is not only simple to realize but also has considerable application prospects.

Keywords: evolvable acoustic field; 3D printed Fresnel lens; finite element analysis; ultrasonic
transducer

1. Introduction

Ultrasonic field control technology, or ultrasonic focusing, is a key factor affecting
the efficiency and performance of many widespread applications such as industrial non-
destructive testing [1], ultrasonic ink jet printing technologies [2,3], medical ultrasonic
therapy [4,5], drug manipulation [6,7] and ultrasonic imaging [8,9].

In recent years, many studies have discussed the method of diffraction-limited fo-
cusing by ultrasonic beam control technology using a multi-element array for phase mod-
ulation and correction [10-12]. Although this method can achieve effective sound field
regulation, it is expensive and requires complex electronic equipment. Therefore, new
methods for sound field regulation must be developed.

Currently, mechanical indentation is a commonly used focusing method that em-
ploys single-element focusing transducers [13,14] in applications, such as ball pressure
exertion on a piezoelectric material [15-18]. However, this method has the drawback of
possible element breakage during the shaping process. Another technique involves the
acoustic lens [19-21], which consist of a refractive material with a curved interface analo-
gous to an optical lens [22]. Recently, a single-element transducer with a 3D-printed hol-
ographic acoustic lens has proven capable of generating the designed static sound field
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[23]. However, the flexibility and machinability of the holographic acoustic lens are lim-
ited. Since the 1970s, Fresnel lenses have gained widespread application in the field of
optics [24,25] and subsequently became a research hotspot [26-29] in acoustics. Earlier
studies have demonstrated the focusing characteristics and efficiency of Fresnel lenses
both in optical [30] and acoustic [31,32] applications. As in optics, the principle of the Fres-
nel sound lens is to design equidistant tooth patterns on one side of the lens and to achieve
static focus of the specified range of sound waves through these tooth patterns.

In this paper, we report on the use of a Fresnel lens in a single-element focused ultra-
sonic transducer for generating sound pressure modes corresponding to specific excita-
tion signals. The Fresnel lens was prepared by 3D printing and attached to the surface of
a 5 MHz ultrasonic transducer manufactured through a conventional method. In our
work, this new method was numerically analyzed using finite element modelling and
characterized by a series of experiments. The simulation and experimental results both
showed that this focusing method can achieve dynamic sound field regulation of single-
element ultrasonic transducers; thus, it can be used to improve the quality of biological
imaging and promote the development of applications such as drug release, particle ma-
nipulation and ultrasonic therapy.

2. Materials and Methods
2.1. Fabrication of the Fresnel Lens-Focused Ultrasonic Transducer

Figure 1 shows the schematic of the 5 MHz ultrasonic transducer manufacturing pro-
cess. In Figure 1a, the 5 MHz ultrasonic transducer, which was manufactured with con-
ventional technology, using PZT-4 ceramic as piezoelectric material with a diameter of 25
mm, is shown with a conducting wire connected to the top surface of the PZT-4 ceramic
with silver plating on both sides as the top electrode. Then, as shown in Figure 1b, a brass
ring that was larger in diameter than the PZT-4 ceramic was placed surrounding the pie-
zoelectric material as housing, and a conducting wire was connected to the inside of the
brass ring to serve as the bottom electrode. Next, a quantity of epoxy (Tec 301) was injected
into the brass ring with a syringe as a backing layer, as shown in Figure 1c. After curing
for one day, the two wires were encapsulated into the SMA connector and connected to
the external device, as shown in Figure 1d. Finally, gold was sputtered on the interface
between the glass plate and the transducer within the brass housing using a gold sputter
(Desk V HP TSC) to connect the bottom surface of the PZT-4 ceramic with the brass hous-
ing. A Fresnel lens (VeroClear Resin: velocity of sound, ¢ = 2424 m/s, density, o0 = 1180
kg/m?3, acoustic impedance, Z =2.86 MRayl and attenuation, ot =5.5 dB/cm) was fabricated
using a 3D-Stereolithography Apparatus printer (SLA, Form 2, Formlabs, Somerville, MA,
USA) with a print-layer thickness of 25 um. The lens profile was chosen to produce a focus
at 38 mm from the surface using the geometric Fresnel lens design rules described by Mori
et al. [33]. Acoustic Fresnel lenses exploit the fact that the phase is cyclical (modulo 27);
for instance, in the frequency domain, a phase of 37t is the same as that of 7. The thickness
of the lens at each point is set to introduce a specific phase delay to create a focal point at
the target. Since the phase is kept between 0 and 27t radians using the modulo operation,
the lens acquires the characteristic shape of a Fresnel lens. In this way, a lens gets com-
pressed into a thinner format, which results in lower attenuation compared to a regular
lens and enables closer focusing. The Fresnel lens obtained by this design is very thin, has
lower attenuation than conventional lenses and easily achieves a close focus.



Micromachines 2021, 12, 1315

3 of 12

PZT-4 ceramic [l Conducting wire E-solder 3022
Brass housing Epoxy B SMA connector
M Glass plate

Figure 1. Schematic of the 5 MHz ultrasonic transducer manufacturing process (a—d).

2.2. Experimental Setup and Characterization

During the experiments, we used an impedance analyzer system (Wayne Kerr Elec-
tronics, London, UK) to measure the frequency dependence of the magnitude and phase
of the 5 MHz transducer. This transducer was connected to a JSR Ultrasonics pulser/re-
ceiver (DPR 500, Pittsford, NY, USA) to excite an electrical impulse at 200 Hz repetition
rate and 50 QO damping; pulse-echo response measurements were then conducted in dis-
tilled water. The energy involved was 12.4 pJ and no gain was applied. Subsequently,
using an oscilloscope (RTE 1104, ROHDE&SCHWARZ, Munich, Germany), the frequency
spectrum was computed by built-in fast FFT feature to display the echo response of the
transducer. An X-cut quartz plate was used as a reflector.

According to formula 1 and 2, we can calculate the center frequency f. and -6 dB
bandwidth BW% of the 5 MHz PZT-4 ultrasonic transducer.

f, +f
fc=% (1)
fz_fl 2
BW% = 2 x 100% )

[of

In the formula above, f; and f, are the frequency numerical values when the mag-
nitude of the FFT of the echo drops to half of the peak value, and f; < f,.

Finally, a 3D-ultrasound intensity measurement system (UMS3, Precision acoustics,
Dorchester, UK) was used to measure the acoustic pressure field of the Fresnel lens-fo-
cused transducer. The Fresnel lens-focused transducer and a needle hydrophone (SN2010,
0.5 mm probe, Precision Acoustics, Dorchester, UK) were placed opposite each other in
degassed water. The transducer was driven at the center frequency using a function gen-
erator combined with an RF power amplifier (A075, E&I, Rochester, NY, USA). The volt-
age applied to the transducer was 30 V. Signals from the hydrophone were captured by a
digital oscilloscope (DSOX3024A, Agilent, Santa Clara, CA, USA) and then plotted in
pseudo-color using MATLAB code.

2.3. Numerical Simulations

Numerical simulations of acoustic wave propagation in Fresnel lens structures and
in water media were conducted using finite-element analysis software (PZFlex,
Weidlinger Associates, Los Altos, CA, USA).
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Because the transducer with the Fresnel lens is axisymmetric, we used a two-dimen-
sional axisymmetric model in the finite element simulation, which allowed us to speed up
the simulation and permitted us to select a higher simulation accuracy in this process. In
the simulation system, the thickness of the PZT-4 ceramic was set to 400 um to acquire the
center frequency of 5 MHz. To fully absorb backward energy, the backing layer material
selected was 1 mm epoxy resin. During the simulation process, the piezoelectric material
was connected in series to a 50 Q resistor, and the transducer was excited with different
cycles of sinusoidal signal: an excitation frequency of 5 MHz, and a driving voltage of 1 V
peak-to-peak. The mesh size was chosen to be 1/15 of the wavelength in all directions. The
parameters of the piezoelectric materials (PZT-4) and other materials used in the PZFlex
simulation are listed in Tables 1 and 2, respectively. Because of the symmetry of PZT-4,
the matrix of elastic constant (cF), relative permittivity (&) and piezoelectric coefficient (e)
of PZT-4 ceramic are as follows:

cfi ¢z ¢35 O 0 0
ck, ¢ K 0 o0 o0
cE = i3 Cr3 c33 0 0 0
1o o0 o0 c& o o0
0 0 0 0 cE o
0 0 0 0 0 c&
€10 0
€= ( 0¢g,0 )
0 0 ¢33
0 0 0 0es0
e= ( 0 0 0eg0 O)
€31€31€33 0 00
Table 1. Piezoelectric materials used for the PZFlex simulation.
Parameter Value Parameter Value
p (kg/m?) 7500 cfy (10'° N/m?) 14.7
€31 (C/mz) -3 sz (10% N/mz) 8.11
€33 (C/m?) 16.7 cr3 (10'° N/m?) 8.11
es (C/m?) 114 c33 (10 N/m?) 132
€11 730 cis (10 N/m?) 3.13
£33 635 cés (10'° N/m?) 3.06
Table 2. Other materials used in the PZFlex simulation.
Material Function ¢ (m/s) 0 (kg/m?) Z(MRayls)
VeroClear Resin Lens 2424 1180 2.86
Water Front load 1490 1000 1.49

Epoxy Backing layer 2080 2849 5.92
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3. Results
3.1. Numerical Studies of Ultrasonic Transducer with Fresnel Lens

Figure 2 shows the design specification for the Fresnel lens-focused ultrasonic trans-
ducer. We started by employing a 5 MHz ultrasonic transducer with a diameter of 25 mm
and a lens with f: = 0.6 (fsis the ratio of the radius of curvature of the lens to the diameter

of the ultrasonic transducer) as the starting point to design the novel lens. The f: was cal-

culated according to formula 3.
R
=_ 3
fy = 3 ®)

where R and d are radius of curvature of lens and diameter of piezoelectric element.

T 14.9177mm
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Figure 2. Designed specification of the Fresnel lens-focused ultrasonic transducer.

At a design frequency of 5 MHz, the wavelength in the lens is 0.484 mm. We divided
the region along the wave propagation direction by an integer multiple of the wavelength,
and then subtract the maximum integer wavelength thickness in each region to form the
novel lens.

In the simulation process, the acoustic pressure patterns determined the focal depth,
as shown in Figure 3a. The color scale indicates normalized sound pressure, which grad-
ually increases from blue to red. As depicted, the acoustic pressure patterns of the device
change with the number of excitation signal cycles. As the number of excitation signal
cycles increases, the focus region (red region) gradually shifts towards the lens surface
until the cycle number is greater than 10, after which this number remains unchanged as
the number of excitation cycles increases. Figure 3b shows the acoustic pressure along the
Z axis under different cycle numbers obtained from the PZFlex simulation and processed
through MATLAB. Assuming a value of 1490 m/s for the speed of sound and that the
focus points with maximum pressure are those with a value of 0 dB, the focal depth of the
focus points can be obtained from the PZFlex simulation. The results show that the focal
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depth changes from 28.2 to 22.28 mm when the cycle numbers increase from 1 to 10, after
which it remains unchanged as the cycle number increases, as shown in Figure 3b. The -6
dB beam widths of the device with 1, 5, 10 and 20 cycles were determined as 0.86, 0.62, 0.5
and 0.5 mm, respectively. Based on the results of FEM, we can conclude that the Fresnel

lens-focused transducer has a tight focus, and its focus characters change with the excita-
tion signal.

1.
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Figure 3. (a) Focal depth determined from acoustic pressure patterns and (b) acoustic pressure along
the Z axis under different cycle numbers, by PZFlex simulation.

3.2. Experiments on Fresnel Lens-Focused Ultrasonic Transducer

The Fresnel lens structure drawing produced by SolidWorks software is shown in
Figure 4a. And the actual physical figure of this Fresnel lens, 3D-printed also using Solid-

Works software is shown in Figure 4b. The effective area diameter of the Fresnel lens was
25 mm.

@)

Figure 4. (a) Structure diagram and (b) Physical figure of Fresnel lens.
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Figure 5a,b show the transducer with and without a Fresnel lens, respectively. The
transducers were fabricated with traditional production methods and the Fresnel lens was
bonded to the transducer using 301 Epoxy (Epoxy Technology, Billerica, MA, USA).

Figure 5. (a) Transducer with Fresnel lens and (b) without Fresnel lens.

Figure 6a,b displays the frequency dependence of electrical impedance and phase
plots of the transducers with and without Fresnel lens. The resonant frequency and its
corresponding impedance were determined from the plots as 5.28 MHz and 1.8 Q with
the lens, and 5.1 MHz and 1.58 Q2 without the lens. The measured pulse-echo waveform
with normalized frequency spectrum is shown in Figure 6c,d. Here, it was determined
that the center frequency is 5.46 MHz with lens and 5.48 MHz without lens, and the -6 dB
bandwidth was measured to be 11.54% with lens and 18.98% without lens. The decline of
—6 dB bandwidth of the transducers with Fresnel lens is attributed to the bonded lenses,
which degraded reception performance. Given that this study is focused on the perfor-
mance of Fresnel lens transducers with regards to sound field control, this reduction of -6
dB bandwidth is considered to have little effect on this.
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Figure 6. Top, frequency dependence of electrical impedance and phase plots of (a) the transducers
with Fresnel lens and (b) without Fresnel lens; Bottom, measured pulse-echo waveform with nor-
malized frequency spectrum of (c) the transducers with Fresnel lens and (d) without Fresnel lens.
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With the purpose of studying its sound field regulation effect, the peak-to-peak volt-
ages at different locations under different excitation numbers were measured, as shown
in Figure 7. The envelope of the histogram under different cycle numbers is different,
which shows that the sound field distribution changes.

Figure 7. The peak-to-peak voltages at different locations under different excitation numbers.

It is worth mentioning that to eliminate the possibility of human error in these meas-
urements, all acoustic pressure maps were acquired using 3D ultrasound intensity meas-
urement devices. A schematic diagram of the 3D ultrasound intensity measurement sys-
tem used is depicted in Figure 8. In such a system, we control the signal generator first, to
transmit the required excitation signal to the transducer with a Fresnel lens. At the same
time, the signal generator emits a trigger signal that is used by the control system to mod-
ulate the hydrophone for the corresponding acoustic pressure signal. Finally, the control
system processed the data and generated a sound field distribution map.

A

Control system

Trigger signal Amplified signal
Signal generator signal amplifier
Excitation signal Received signal

Figure 8. Schematic diagram of 3D ultrasound intensity measurement system.

The normalized intensity maps of the pressure fields from the Fresnel lens-focused
transducer with different cycle numbers of excited signals are shown in Figure 9a—d. The
color scale again indicates normalized sound pressure, which gradually increases from
purple to red. The focusing effect of the Fresnel lens is very evident, as indicated by the
focal spots in Figure 9a—d.
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Figure 9. (a—d) Normalized intensity maps of the pressure fields from the Fresnel lens-focused transducer with different
cycle numbers of excited signal.

Furthermore, referring to the intensity maps in the x-z plane in Figure 9a-d, it can be
seen that the focal spot shifts closer to the lens surface until the cycle number is greater
than 10, after which it remains unchanged, as was expected from the simulations. This
tendency of the focal length to change with different numbers of excitation pulses con-
firms the same effect described in the simulation shown in Figure 3. The differences be-
tween the simulation and experiment may be attributed to the number of cycles used.
Another explanation for such differences is that we received and displayed the echo from
the Fresnel lens-focused transducer—the excited signal has only one cycle, while the re-
ceived signal shows several cycles owing to the performance of transducer.

The intensity maps of the pressure fields on the focus plane from the Fresnel lens-
focused transducer with different cycle numbers of excited signal are shown in Figure
10a—d. The color scale here indicates the sound pressure intensity, which gradually in-
creases from purple to red. The resolution of the image is approximately 50 pm. In the
focus plane, we used the white dotted circle to draw the area where the sound pressure is
half of the maximum sound pressure. Then, the -6 dB beam widths of the device with
different cycles can be expressed by the diameter of the circle. As shown in Figure 7, the
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diameter of the circle decreases as the cycle number of excited signal increases from 1 to
10, and the diameters of the circle are almost unchanged as the cycle number of excited
signal increases from 10 to 20, which is consistent with the simulation results.
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Figure 10. (a—d) Intensity maps of the pressure fields on the focus plane from the Fresnel lens-
focused transducer with different cycle numbers of excited signal.

4. Discussion and Conclusions

Limited by commonly used technology, under a specific transducer design, the
acoustic field is fixed. Ahmet et al. demonstrated that using a Fresnel lens, it is possible to
focus 25 kHz acoustic waves to manipulate small particles. However, it is also shown that
there are standing waves between the transducer and its acoustic lens, which can reduce
the output energy [6]. To obtain a tunable focus acoustic lens, a nonlinear acoustic lens
has been designed and shown to be useful in the low frequency range of 0.1-180 kHz, but
it only worked for high-energy applications [34].

In this study, the use of a Fresnel lens-focused ultrasonic transducer is reported for
generating sound pressure patterns associated with specific excitation signals, by combin-
ing a 5 MHz central frequency ultrasonic transducer with a lens that can eliminate stand-
ing waves. The normalized intensity diagram of the acoustic pressure field from the Fres-
nel lens-focused transducer under various cycle numbers of excited signal was measured.
The experimental results demonstrated the focal depth changed from 23.8 to 21.9 mm
when the number of excited signal cycles increased from 1 to 20, and remained unchanged
after 10 cycles, which is consistent with the simulation results. The reason behind the focal
depth remaining unchanged as the cycle number increases beyond 10 is that, as the num-
ber of pulses increases to 10 while a new period of pulses generates vibrations, the vibra-
tions of earlier period pulses can be neglected, and the number and intensity of vibrations
that make up the maximum sound pressure remain unchanged. The experimental results
also showed that the -6 dB beam widths of the transducer with the Fresnel lens decreased
when the cycle numbers of excited signal increased from 1 to 20, and remained unchanged
after 10 cycles, which is also consistent with the simulation results. These results demon-
strate that under different cycle excitation, a temporal evolution acoustic intensity at var-
ious longitudinal locations along the focus can be generated and controlled by a 3D
printed Fresnel lens-focused ultrasound transducer. This simple ultrasonic field control
(focusing) technology has broad application prospects in biomedical and other fields.

Author Contributions: Conceptualization: D.W.; Data curation: D.W. and P.L.; Formal analysis:
DW, PL, QC, XS. and Y.W.; Investigation: D.W., P.L. and Z.Q.; Methodology: Z.C. and C.F.;



Micromachines 2021, 12, 1315 11 of 12

Project administration: D.W.; Resources: Z.C., C.F., Z.Q. and L.S., Software: P.L.; Writing —original
draft: D.W.; Writing —review and editing: D.W., Z.C,, CF,, P.L. and L.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Key Projects of the National Defense Basic Research Pro-
gram of the National Defense Science and Industry Administration (No: JCKY2019210B003), the
Department of Science and Technology of Hunan Province, the High-tech Industry Science and
Technology Innovation Leading Program (2020SK 2003), the Natural Science Foundations of
Shaanxi Province (No: 2020JM-205), the Shaanxi Provincial Association of Science and Technology
Young Talents Support Project (No: 20190105), the Fundamental Research Funds for the Central
Universities (No: XJ5211105, JBF211103), the Management Science and Technology Project of Hunan
Province (2020YJ004), Central South University, the Innovation Driven Program team project
(2020CX004) and the Emergency and Fundamental Research Funds for Central Universities of the
Central South University (2020zzts784).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Kim, J.-J.; Song, T.-K. Real-time 3D imaging methods using 2D phased arrays based on synthetic focusing techniques. Ultrason.
Imaging 2008, 30, 169-188.

Elrod, S.A.; Hadimioglu, B.; Khuri-Yakub, B.T.; Rawson, E.G.; Richley, E.; Quate, C.F.; Mansour, N.N.; Lundgren, T.S. Nozzle-
less droplet formation with focused acoustic beams. J. Appl. Phys. 1989, 65, 3441.

Meacham, ].M.; Varady, M.].; Degertekin, F.L.; Fedorov, A.G. Droplet formation and ejection from a micromachined ultrasonic
droplet generator: Visualization and scaling. Phys. Fluids 2005, 17, 100605.

Kennedy, J.E.; ter Haar, G.; Cranston, D. High intensity focused ultrasound: Surgery of the future? Br. ]. Radiol. 2003, 76, 590
599, doi:10.1259/bjr/17150274.

Heller, K.D.; Niethard, F.U. Use of extracorporal shockwave therapy (ESWT) in orthopaedics —Review of literature. Zeitschrift
Orthopadie Ihre Grenzgebiete 1998, 136, 390—401.

Cicek, A.; Korozlu, N.; Kaya, O.A.; Ulug, B. Acoustophoretic separation of airborne millimeter-size particles by a Fresnel lens.
Sci. Rep. 2017, 7, srep43374, doi:10.1038/srep43374.

Choe, Y.; Kim, J.W.; Shung, K.K; Kim, E.S. Microparticle trapping in an ultrasonic Bessel beam. Appl. Phys. Lett. 2011, 99, 233704—
233704-3.

Fei, C,; Chiu, C.T.; Chen, X,; Chen, Z.; Ma, J.; Zhu, B.; Shung, K.K.; Zhou, Q. Ultrahigh Frequency (100 MHz-300 MHz) Ultra-
sonic Transducers for Optical Resolution Medical Imagining. Sci. Rep. 2016, 6, 28360.

Fei, C; Yang, Y.; Guo, F,; Lin, P.; Chen, Q.; Zhou, Q.; Sun, L. PMN-PT Single Crystal Ultrasonic Transducer with Half-Concave
Geometric Design for IVUS Imaging. IEEE Trans. Biomed. Eng. 2018, 65, 2087-2092, doi:10.1109/tbme.2017.2784437.

Kyriakou, A.; Neufeld, E.; Werner, B.; Paulides, M.M.; Szekely, G.; Kuster, N. A review of numerical and experimental compen-
sation techniques for skull-induced phase aberrations in transcranial focused ultrasound. Int. J. Hyperth. 2014, 30, 36—46.

Shin, E.; Yeo, H.G.; Yeon, A;; Jin, C.; Park, W.; Lee, S.-C.; Choi, H. Development of a High-Density Piezoelectric Micromachined
Ultrasonic Transducer Array Based on Patterned Aluminum Nitride Thin Film. Micromachines 2020, 11, 623.

Zhou, W.; Zhang, T.; Ou-Yang, J.; Yang, X.; Wu, D.; Zhu, B. PIN-PMN-PT Single Crystal 1-3 Composite-based 20 MHz Ultra-
sound Phased Array. Micromachines 2020, 11, 524.

Lam, K.; Chen, Y.; Cheung, K.; Daj, ]. PMN-PT single crystal focusing transducer fabricated using a mechanical dimpling tech-
nique. Ultrasonics 2012, 52, 20-24, doi:10.1016/j.ultras.2011.06.004.

Chen, J.; Dai, J.; Zhang, C.; Zhang, Z.T.; Feng, G.P. Bandwidth improvement of LiNbO3 ultrasonic transducers by half-concaved
inversion layer approach. Rev. Sci. Instrum. 2012, 83, 114903, d0i:10.1063/1.4766822.

Liu, J.-H.; Chen, S.-Y.; Li, P.-C. Design and fabrication of a 40MHz transducer with enhanced bandwidth. IEEE Ultrason. Symp.
2008, 799-802, doi:10.1109/ultsym.2008.0192.

Chung, C.H.; Lee, Y.C. Broadband poly (vinylidenefiuoride-trifiuoroethylene) ultrasound focusing transducers for determining
elastic constants of coating materials. ]. Nondestruct. Eval. 2009, 28, 101-110.

Jian, X.; Han, Z.; Liu, P.; Li, Z,; Li, P.; Shao, W.; Cui, Y. Fabrication and performance of a micro 50-MHz IVUS Transducer based
on a 1-3 composite with geometric focusing. In Proceedings of the 2015 IEEE International Ultrasonics Symposium (IUS), Taipei,
Taiwan, 21-24 October 2015; pp. 1-4.

Fei, C; Zhao, T.; Wang, D.; Quan, Y.; Lin, P.; Li, D.; Yang, Y.; Cheng, J.; Wang, C.; Wang, C.; et al. High Frequency Needle
Ultrasonic Transducers Based on Lead-Free Co Doped NaosBissTi4O15 Piezo-Ceramics. Micromachines 2018, 9, 291.

Cannata, ].M.; Ritter, T.A.; Chen, W.-H.; Shung, K K. Design of focused single element (50-100 MHz) transducers using lithium
niobate. In Proceedings of the 2000 IEEE Ultrasonics Symposium, San Juan, PR, USA, 22-25 October 2000; pp. 1129-1133.
Snook, K.A.; Zhao, J.-Z.; Alves, CH.F.; Cannata, ].M.; Chen, W.-H.; Meyer, R.J.; Ritter, T.A.; Shung, K.K. Design, fabrication,
and evaluation of high frequency, single-element transducers incorporating different materials. IEEE Trans. Ultrason. Ferroelectr.
Freq. Control. 2002, 49, 169-176, d0i:10.1109/58.985701.



Micromachines 2021, 12, 1315 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Fei, C.; Hsu, H.-S.; Vafanejad, A.; Li, Y.; Lin, P.; Li, D.; Yang, Y.; Kim, E.; Shung, K.K.; Zhou, Q. Ultrahigh frequency ZnO silicon
lens ultrasonic transducer for cell-size microparticle manipulation. . Alloy. Compd. 2017, 729, 556-562, doi:10.1016/j.jall-
com.2017.09.113.

Cannata, J.M,; Ritter, T.A.; Chen, W.-H.; Silverman, R.H.; Shung, K.K. Design of efficient, broadband single-element (20-80
MHz) ultrasonic transducers for medical imaging applications. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2003, 50, 1548—
1557, d0i:10.1109/tuffc.2003.1251138.

Melde, K.; Mark, A.; Qiu, T.; Fischer, P. Holograms for acoustics. Nat. Cell Biol. 2016, 537, 518-522, d0i:10.1038/nature19755.
Farnow, S.A.; Auld, B.A. Acoustic Fresnel zone plate transducers. Appl. Phys. Lett. 1974, 25, 681-682.

Sleva, M.Z.; Hunt, W.D.; Briggs, R.D. Focusing performance of epoxy-and air-backed polyvinylidene fluoride Fresnel zone
plates. |. Acoust. Soc. Am. 1994, 96, 1627-1633.

Krotov, E.V.; ReMan, A.M.; Subochev, P.V. Synthesis of a fresnel acoustic lens for acoustic brightness thermometry. Acous-Tical
Phys. 2007, 53, 688-693.

Sato, Y.; Mizutani, K.; Wakatsuki, N.; Nakamura, T. Design for Aplanatic Fresnel Acoustic Lens for Underwater Imaging. Jpn.
J. Appl. Phys. 2009, 48, 07GL04.

Calvo, D.C,; Thangawng, A.L.; Nicholas, M.; Layman, C.N. Thin Fresnel zone plate lenses for focusing underwater sound. Appl.
Phys. Lett. 2015, 107, 275-606.

Franklin, A.; Marzo, A.; Malkin, R.; Drinkwater, B.W. Three-dimensional ultrasonic trapping of micro-particles in water with a
simple and compact two-element transducer. Appl. Phys. Lett. 2017, 111, 094101.

Di Fabrizio, E.; Romanato, F.; Gentili, M.; Cabrini, S.; Kaulich, B.; Susini, J.; Barrett, R. High-efficiency multilevel zone plates for
keV X-rays. Nat. Cell Biol. 1999, 401, 895-898, d0i:10.1038/44791.

Fjield, T.; Silcox, C.E.; Hynynen, K. Low-profile lenses for ultrasound surgery. Phys. Med. Biol. 1999, 44, 1803-1813,
doi:10.1088/0031-9155/44/7/317.

Hadimioglu, B.; Rawson, E.; Lujan, R.; Lim, M.; Zesch, J.; Khuri-Yakub, B.; Quate, C. High-efficiency Fresnel acoustic lenses.
IEEE Ultrason. Symp. 1993, 1, 579-582, d0i:10.1109/ultsym.1993.339544.

Mori, K.; Miyazaki, A.; Ogasawara, H.; Nakamura, T.; Takeuchi, Y. Numerical Analysis of Sound Pressure Fields Focused by
Phase Continuous Fres-nel Lens Using Finite Difference Time Domain Method. Jpn. |. Appl. Phys. 2007, 46, 4990.

Donahue, C.M.; Anzel, P.W.].; Bonanomi, L.; Keller, T.A.; Daraio, C. Experimental realization of a nonlinear acoustic lens with
a tunable focus. Appl. Phys. Lett. 2014, 104, 014103.



	1. Introduction
	2. Materials and Methods
	2.1. Fabrication of the Fresnel Lens-Focused Ultrasonic Transducer
	2.2. Experimental Setup and Characterization
	2.3. Numerical Simulations

	3. Results
	3.1. Numerical Studies of Ultrasonic Transducer with Fresnel Lens
	3.2. Experiments on Fresnel Lens-Focused Ultrasonic Transducer

	4. Discussion and Conclusions
	References

