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Abstract: Lead-free piezoelectric material-based ultrasonic transducers have been researched for
several years, but the inefficient properties and design difficulties have troubled lead-free ultrasonic
transducers for a long time. To improve the performance and design efficiency of lead-free ultrasonic
transducers, in this work, an equivalent circuit model and intelligent optimization algorithm were
combined for use in a transducer design. Firstly, 0.94(Big 5Nag 5)TiO3-0.06BaTiO3(BNT-6BT) lead-free
piezoelectric ceramics were prepared and characterized. Then, BNT-6BT ceramics were used to
fabricate the ultrasonic transducers. An equivalent circuit model-based software, PiezoCAD, and a
genetic algorithm-based back-propagation neural network were used to optimize the design of the
transducers. A 3.03 MHz center frequency and 60.3% —6 dB bandwidth of the optimized transducers
were achieved, which were consistent with the neural networks optimization results. To verify the
application potential of the lead-free transducers, tungsten rods phantom imaging and polystyrene
spheres with 300 um diameter manipulation were completed by the transducers, and the experiment
results indicate that the BNT-6BT lead-free transducers have great potential in further biological and
biomedical applications.

Keywords: BNT-6BT lead-free ceramics; particle swarm optimization algorithm; ultrasonic trans-

ducer; acoustic tweezer

1. Introduction

Piezoelectric materials are the kinds of materials that can convert signals between
mechanical and electric energy, which are used in transducers, sensors, actuators, motors,
and buzzers [1-3]. In past years, the most widely used piezoelectric materials were Pb(Zry,
Ti1_»)O3 (PZT)-based ceramics [4,5]. However, the lead (Pb) in PZT-based ceramics is one
of the most important reasons for environment pollution [6,7]. Thus, lead-free piezoelectric
materials are urgently needed for industry, which is facing a shortage of lead-based mate-
rials. Among all the novel lead-free piezoelectric materials, (Bigp5Nag5)TiO3 (BNT)-based
ceramics are one of the most promising candidates to replace PZT-based ceramics. In
our previous work, we found out that there is a morphotropic phase boundary (MPB)
between the rhombohedral phase and tetragonal phase in BNT-xBaTiO3 components with
x = 0.06 (BNT-6BT) [8,9]. Several studies have illustrated that the piezoelectric solid solu-
tion component would show excellent piezoelectric and ferroelectric properties near the
MPB. Therefore, BNT-6BT lead-free ceramics could be used in further applications [10,11].
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Ultrasonic transducers are widely used in medical diagnosis fields because of their
non-invasiveness, high resolution, and large detecting depth [12-15]. The key part of
ultrasonic transducers is the piezoelectric materials. It has been proven that novel lead-free
piezoelectric materials could be used in ultrasonic transducer applications. In addition,
the performance of the transducer is mainly affected by its design parameters. The size
and thickness of piezoelectric materials could determine the center frequency and electrical
impedance. The acoustic impedance and thickness of piezoelectric materials and matching
layers could affect the acoustic transmission between transducers and the front medium.
As a multifactor affected goal, it is unavoidable to adjust the design parameters many
times to obtain the desired performance parameters [16-18]. For the traditional design
method, the trial-and-error method mainly relies on the designer’s experience. Therefore, a
high-efficiency design method for transducers is urgently needed.

In recent years, artificial intelligence methods, such as neural networks, intelligent
optimization algorithms, expert systems, etc., have been widely used in industry, medicine,
education, and information [15,16,19]. Neural networks have the advantages of efficient
modeling and data mining. Neural networks intelligent optimization is widely used in the
modeling of complex systems because of its self-adaptation, self-organization, self-learning,
and robustness [20,21]. Therefore, it can be used for the optimal design and manufacture
of high-performance transducers. For the ultrasonic transducers, a Krimholtz—Leedom-—
Mattaei (KLM) equivalent circuit model is one of the most important methods used to
determine the relationship between design and performance [22,23]. Combining the KLM
model and neural networks could highly improve the efficiency and accuracy of the design
and manufacture of ultrasonic transducers.

In this paper, BNT-6BT ceramics were prepared and investigated. An efficient optimiza-
tion design method based on KLM model-based PiezoCAD software (Sonic Concepts, Inc.,
Bothell, USA) a genetic algorithm-based back-propagation neural network (GA-BPNN),
and a particle swarm optimization (PSO) algorithm was used to design BNT-6BT based
lead-free ultrasonic transducers. The database of design parameters and performance
parameters is provided by PiezoCAD software. According to the optimized parameters,
BNT-6BT based ultrasonic transducers were prepared and measured. When a focal lens
was added into the transducers, the acoustic imaging and acoustic tweezers applications
were achieved.

2. Materials and Methods
2.1. BNT-6BT Ceramics

BNT-6BT ceramics were prepared by Bi;O3, TiO,, NapCOs, and BaCOs3 as raw materi-
als with the stoichiometric formulas. The powders were mixed and were then ball milled
for 15 h with ethanol. The mixtures were dried under 90 °C for 4 h, pressed into pellets, and
calcined at 900 °C for 2 h. After calcination, the powder was ball milled for 15 h and dried
under 90 °C for 4 h. Then the BNT-6BT powder was added to PVA binder and pressed into
pellets of 10 mm diameter under 200 MPa. Finally, the green sheets were sintered through
two steps: at 600 °C for 4 h and 1150 °C for 2 h.

The phases of BNT-6BT ceramics were measured by X-ray diffractometer (D/MAX-
2400, Rigaku, Japan, Cu Ko radiation). The surface morphology images of the ceramics
were obtained using field-emission scanning electron microscopy (SEM) equipment (FEI
Quanta, 250 FEG, Hillsboro, USA). The temperature dependences, dielectric constant, and
dielectric loss were measured by an LCR meter (4980A, Agilent Technologies Inc., Santa
Clara, USA). The piezoelectric strain, and P-E and S-E hysteresis loops were measured by
using a ferroelectric testing system (TF Analyzer 2000E, aixACCT, Aachen, Germany).

In Figure 1a, the XRD pattern of BNT-6BT ceramics shows a pure perovskite structure
with no secondary phase, and the surface morphology of BNT-6BT ceramics can be obtained
in Figure 1b. The grain sizes are about 2 um, and there is almost no pore on the surface.
At the same time, the relative density is 96.5%, which illustrates that the ceramics are of
good quality.
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Figure 1. (a) XRD pattern, (b) SEM image for the surface morphology of BNT-6BT ceramics.

The BNT-6BT ceramics were poled under an external electric field of two times the
coercive electric field E; for 15 min in silicon oil at room temperature. Then the piezoelectric
coefficient d33 was measured by a quasi-static d33 m after poling. The d33 value of the
BNT-6BT ceramics is about 130 pC/N, indicating that the ferroelectric dipoles were aligned
along the direction of the external electric field.

The temperature dependance, dielectric constant, and loss are shown in Figure 2a,
in which two dielectric anomalies were observed in the BNT-6BT ceramics. At room
temperature, the dielectric constant and loss of BNT-6BT ceramics are 1784 and 0.051,
respectively. Between 250 °C and 300 °C, there is a broadened peak with the maximum
dielectric constant, which is defined as T};. As the temperature increases, there are sudden
changes for both remnant polarization (Pr) and maximum strain (Suay), as shown in
Figure 2b—d.
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Figure 2. Temperature dependance: (a) dielectric constant and loss, (b) P-E hysteresis loops, (c) bipolar
S-E hysteresis loops, (d) piezoelectric strains of BNT-6BT ceramics.
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The temperature-dependent polarization was measured and is illustrated in Figure 2b.
The Pris 34.3 uC/ cm? at room temperature. With an increase in temperature, the Pr value
decreased. Pr was 30.6 uC/cm? at 90 °C, and the value was close to 0 when the temperature
was higher than 110 °C. The bipolar strain (S-E) hysteresis loops and piezoelectric strain
show the same trend, which can be found in Figure 2¢,d, respectively. The Sy, for the
piezoelectric strain was about 1.41 %. under 60 kV/cm at room temperature, suggesting
that the d33* was about 237 pm/V. The S, increased with the increase in temperature.
When the temperature was 90 °C, the 5,4y was about 1.95 %o with ds3" =326 pm/V. Then
the Sjuqx suddenly increased to 1.41 %o with d3 3 =699 pm/V when the temperature reached
110 °C. Finally, the S,y decreased with the increase in temperature when the temperature
was higher than 110 °C.

2.2. Optimization of Transducer Design

The design parameters of ultrasonic transducer include piezoelectric layer thickness,
piezoelectric layer diameter, and matching layer thickness. The performance parameters
of the ultrasonic transducer include center frequency and —6 dB bandwidth. The design
parameters of the transducer are shown in Table 1. Based on the traditional design rules:
the thickness of the piezoelectric layer is one-half of the wavelength; the thickness of the
matching layer is one-quarter of the wavelength. Due to the complex influence of the design
parameters, the traditional design method cannot effectively determine the optimal design
parameters. To further optimize the thickness and diameter of the BNT-6BT ceramics, and
the thickness of Ag-epoxy matching layer, their ranges were arranged from 745 pm to
785 um, 11 mm to 19 mm, and 155 um to 195 um, respectively. In order to reduce the
number of calculation times and ensure the accuracy of results, an orthogonal design was
used. The specific content of the orthogonal design is shown in the Table S1, including the
performance parameters corresponding to the design parameters.

Table 1. Design parameters of ultrasonic transducer.

Design Parameters Range
Diameter of BNT-6BT (mm) 11,12,13,14,15,16,17,18, 19
Thickness of BNT-6BT (pm) 745,750, 755, 760, 765, 770, 775, 780, 785
Thickness of Ag-epoxy (um) 155, 160, 165, 170, 175, 180, 185, 190, 195

The relationship between design parameters and performance parameters was estab-
lished by training a GA-BPNN model. Then, the PSO algorithm was adopted to optimize
the design parameters according to the established optimization criteria. The details of
the neural network can be found in our previous work [21]. The flowchart of training
GA-BPNN is shown in Figure 3.

In this work, the optimized performance parameters of the transducer are the center
frequency and —6 dB bandwidth. The objective function is J, which is the sum of the
normalized performance parameters with the weight coefficient. The objective function
can be expressed as

]_a< CF — CFy,s > ﬁ( BW — BW s >
CFEmax — CFmin BWmax — BWnin
where « and § are the weights of center frequency and —6 dB bandwidth, respectively.

In this study, the weights a and b are both 0.5, CF;,s and BW,; are 3 MHz and 60%,
respectively.




Crystals 2022, 12,1181

50f11

‘ Input and normalize the training data

. Code the weights of neural
‘ Determine the structure of neural network‘ network as individuals
T

| I

Set the training errors as the
‘ Initialize the weights of neural networ&% fitness of individuals
‘ Selection and duplication }-—
’ Obtain the weights by GA }47 l
l ’ Crossover ‘
a{ Calculate the errors ‘ l
l ‘ Mutation ‘
’ Update the weights by BP algorithm‘ l
‘ Calculate the fitness of individual ‘
Meet the terminal
condition? eet the optimization

YES

l

Obtain the GA-BP neural network

Figure 3. Flowchart of training GA-BPNN.

To reduce the errors generated in the optimization calculation process, 30 independent
calculations were adopted. In addition, the purpose of setting the number of iterations
in each independent calculations to 50 is to ensure the accuracy and efficiency of the
calculation. Figure 4 shows the best fitness of the optimization method. The optimal

fitness value is close to 0 after 50 iterations, which proves the excellent quality of the
optimization algorithm.
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Figure 4. Fitness of the developed optimization design method for ultrasonic transducer.

Based on the trained GA-BPNN, the improved particle swarm algorithm is used
for 30 calculations, and the performance parameters shown in Figure 5 are obtained.
The thickness of the piezoelectric sheet is 765 um with a diameter of 14.85 mm, and the
thickness of Ag-Epoxy is 165 um. In addition, the results obtained by 30 calculations
present no difference, which proves the stability and effectiveness of the optimization
method. As shown in Figure 6, the center frequency is 3 MHz and the bandwidth is
60%, which satisfies the desired requirement. Table 2 shows the mean value and standard
deviation of the optimization results. Compared to the mean value, the standard deviation
of the 30 simulation results is extremely small, which also proves the effectiveness of the
optimization method.
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Figure 6. Performance parameters of ultrasonic transducer obtained at the optimized design parameters.

Table 2. Value of design parameters.

Parameter EAg-epoxy tpNT-6BT  Diameter Bandwidth Center Frequency
Mean value 176.8 766.9 14.8 59.99 2.99
Standard deviation 0.0023 0.0023 0.0056 0.000044 0.0000035

tag-epoxy: Thickness of Ag-epoxy; tgnt.epr: Thickness of BNT-6BT.

3. Results
3.1. Simulation and Experimental Results of Transducers

Based on the optimized design parameters from Figure 5, PiezoCAD software was used
to evaluate the optimized transducer. The backing material is E-solder (acoustic impedance
5.92 MRayl), and the propagation medium is water (acoustic impedance 1.54 MRayl). The
pulse-echo diagram and impedance phase diagram obtained from the simulation are shown
in Figure 7. The center frequency is 3 MHz, and the —6 dB bandwidth is 60.5%, which is
consistent with the performance parameters obtained by optimization.
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Figure 7. (a) Simulated electrical magnitude and phase angle; (b) pulse-echo wave and frequency
spectrum performances of the transducers.

To further evaluate the effectiveness of the optimization method, ultrasonic transduc-
ers were fabricated based on the optimization results. First, the BNT-6BT ceramics were
polished to 765 um. Then, the gold electrodes were sputtered, and the configured Ag-epoxy
was filled on the surface of the samples at room temperature for 24 h. Significantly, Ag-
epoxy was made by mixing silver powder and epoxy resin in a certain proportion (3:1.25).
Before mixing, the prepared epoxy solution was evacuated for 30 min to remove air from
the solution. Furthermore, the Ag-epoxy was coated on the surface of diced piezoelectric
plate and centrifuged for 15 min to ensure that there was no air inside the sample. The
thickness of the cured sample was measured at any time and ground to a thickness of
175 um. The samples were turned over and filled with the prepared E-solder 3022. Finally,
the wires were connected with E-solder 3022 (Von Roll Inc., New Haven, USA), and the
samples were encapsulated in brass shells with epoxy resin. The fabrication process of the
transducer and the sample are shown in Figure 8.

@ Grinding to (2 Sputtering gold (3 Fabricating Ag-epoxy @) Fabricating backing
desired thickness electrodes
\ \ N A :
= L/ L/ L/
¥ v 1 4 ¥
B NBT Gold Ag-epoxy E-Solder

Figure 8. Fabrication process of the BNT-6BT ultrasonic transducer.

Measurements of the electrical impedance spectrum and phase were performed with
an impedance analyzer (Wayne Kerr Electronics, WK6500B 1J65120B, London, UK). The
results are shown in Figure 9a, in which the blue solid line is the electrical impedance
curve corresponding to the frequency, and the red dotted line is the phase curve. The
tested pulse-echo is shown in Figure 9b. The OLYMPUS 5073PR pulser-receiver (Olympus
NDT, Waltham, MA, USA) was used as the excitation with the repetition frequency of
200 Hz, and the energy was 2 pJ with 50 (2 damping. The acoustic wave emitted by the
transducer was reflected by the quartz block and finally received by the pulse receiver,
and the received waveform was displayed on the oscilloscope (RTE 1104, Rohde Schwarz,
Munich, Germany). It can be obtained from Figure 9 that the peak-to-peak voltage of the
echo wave is 1.34 V at center frequency 3.03 MHz, and the —6 dB bandwidth is 60.3%. The
measured results are consistent with the results obtained by optimization and simulation.
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Figure 9. (a) Measured electrical magnitude and phase angle; (b) pulse-echo wave and frequency
spectrum performances of the transducers.

3.2. Imaging of Tungsten Rod Phantoms

To further validate the transducer’s potential for imaging and biological applications,
an epoxy focal lens with a 30 mm radius of curvature was added on the surface of the
transducer using epoxy, as shown in Figure 10a. The acoustic field of the transducer with
an epoxy lens in water was simulated by COMSOL Multiphysics, as shown in Figure 10b.
It can be seen from Figure 10b that the focal point of the transducer is located at 19 mm
from the bottom of the lens.

max
3
€2
KA
N
1
min
0 =
-05 0 05
X (cm)
(a) (b)

Figure 10. (a) Fabricated ultrasonic transducer with focal lens; (b) simulated acoustic field diagram
of the focused transducer.

As shown in Figure 11a, the tungsten rods with a diameter of 1 mm were placed on
different steps with a height interval of 1.5 mm. Figure 11b shows the image of the tungsten
rods phantom. The position of the tungsten rods can be seen clearly, which indicates that
the fabricated transducer has a good imaging performance.



Crystals 2022, 12,1181

9of11

1.5 0
-10
£ 1 - 20
o
N -30
0.5
-40
0 | ' - 50
-1 -05 O 0.5 1
X (cm)
(a) (b)

Figure 11. (a) Tungsten rods phantom; (b) image of tungsten rods phantom.

Furthermore, polystyrene spheres (PS) with a diameter of 300 um were selected for
acoustic tweezer measurements. The signal emitted by the SMB 100A Signal Generator
(Rohde Schwarz, Munich, Germany) is amplified by the power amplifier. The signal from
the function generator is 10 sine cycles of 3 MHz frequency, and the peak-to-peak voltage is
20 mV. Figure 12 is a schematic diagram of acoustic tweezers. The transducer was fixed on
the acoustic tweezer platform, and an inverted microscope at the bottom of the transducer
was used to observe the movement of the PS.

i Ultrasonic transducer

Particle

R\

- Inverted microscope

Figure 12. Schematic diagram of acoustic tweezers.

Figure 13 shows the motion process of the PS from the starting point and moving to
complete a rectangular loop. The PS is captured by the acoustic radiation force and moves
along the moving direction of the transducer. Imaging and acoustic tweezer experiments
demonstrate the excellent performance of the transducer and the effectiveness of the
optimization method.

Figure 13. Particle with a diameter of 300 pm moving along a specific trace with the order (a—f).
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4. Discussion

To protect the environment, the Restriction of Hazardous Substances Directive (RoHS)
has been implemented to minimize the use of toxic materials such as lead in end products.
Lead-free piezoelectric materials should be used in more applications. Novel lead-free BNT-
6BT piezoelectric ceramics were used to prepare ultrasonic transducers. In our previous
work, several BNT-based ultrasonic transducers were reported. In 2013, BNT composite
films with a thickness of ~11 um were used to fabricate ultrahigh-frequency ultrasonic
transducers [24]. In 2018, 30 MHz high-frequency ultrasonic transducers were prepared
using 70 pm BNT-based thick films [9]. In this work, to further improve the properties of
transducers and overcome the difficulty of design, an intelligent optimization algorithm
and KLM model were used to optimize the design of transducers. Moreover, the acoustic
tweezer is one of the most important applications for ultrasonic transducers, and could
be used in non-contract manipulation of microparticles and cells. This is the first time
that BNT-based ceramics have been used in acoustic tweezers. However, the electrome-
chanical coupling coefficient k; of piezoelectric materials is the most important parameter
of transducers. For BNT-6BT ceramics, the k; is about 0.35, which is not a high value for
transducer applications. Thus, the bandwidth and sensitivity of the transducers could be
further improved if there is a high k; value of BNT-6BT ceramics. Composite structures
could be introduced to BNT-6BT ceramics to improve the k; of piezoelectric materials.

5. Conclusions

Lead-free BNT-6BT-ceramics-based ultrasonic transducers were designed and sim-
ulated using an intelligent optimization algorithm and the KLM model-based software,
PiezoCAD. The center frequency of the fabricated transducer was 3.03 MHz and the —6 dB
bandwidth was 60.3%, which was consistent with the design parameters. The precision
and effectiveness of the transducer design was verified based on the intelligent optimiza-
tion algorithm. To verify potential applications of the transducer, imaging and acoustic
tweezer tests were carried out. With an epoxy focal lens added, the tungsten rods phantom
imaging of the BNT-6BT transducer was measured. Furthermore, polystyrene particles
with a diameter of 300 um were captured and manipulated using the transducer, which
indicates that BNT-6BT lead-free piezoelectric ultrasonic transducers possess a potential
application in particle control and the drug delivery field.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12081181/s1, Table S1: Orthogonal design of ultrasonic
transducer.
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