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Abstract—Therapeutic ultrasound technologies using 

microbubbles require a feedback control system to perform the 

treatment in a safe and effective manner. Current feedback 

control technologies utilize the microbubble’s acoustic emissions 

to adjust the treatment acoustic parameters. Typical systems use 

two separated transducers: one for transmission and the other for 

reception. However, separating the transmitter and receiver leads 

to foci misalignment. This limitation could be resolved by 

arranging the transmitter and receiver in a stacked configuration. 

Taking advantage of an increasing number of short-pulse-based 

therapeutic methods, we have constructed a PZT-PVDF stacked 

transducer design that allows the transmission and reception of 

short-pulse ultrasound from the same location. Our design had a 

piston transmitter composed of a PZT disc (1 MHz, 12.7 mm in 

diameter), a backing layer, and two matching layers. A layer of 

Polyvinylidene fluoride (PVDF) (28 μm in thickness, 12.7 mm in 

diameter) was placed at the front surface of the transmitter for 

reception. Transmission and reception from the same location was 

demonstrated in pulse-echo experiments where PZT transmitted a 

pulse and both PZT and PVDF received the echo. The echo signal 

received by the PVDF was 0.43 μs shorter than the signal received 

by the PZT. Reception of broadband acoustic emissions using the 

PVDF was also demonstrated in experiments where microbubbles 

were exposed to ultrasound pulses. Thus, we have shown that our 

PZT-PVDF stack design has unique transmission and reception 

features that could be incorporated into a multi-element array 

design that improves focal superimposing, transmission efficiency, 

and reception sensitivity. 

 
Index Terms—Short-pulse ultrasound, stacked transducer, 

therapy and monitoring. 

 

I. INTRODUCTION 

he expansion and contraction of microbubbles in an 

acoustic field is under investigation for use in therapeutic 

ultrasound systems to treat diseases. Microbubbles are micron-

sized bubbles that typically have a stable gas core encased in a 

lipid or polymer shell. When the injected microbubbles are 

exposed to an acoustic field, they not only reflect the sound, but 

also generate their own unique acoustic emissions, such as sub-

harmonics (f0/m, where f0 is the fundamental frequency and m 

is an integer value), harmonics, ultra-harmonics (nf0/m, where 

n is also an integer value), and broadband signals. To improve 

the performance and safety of the therapeutic procedure, 

feedback control technologies based on detecting microbubble 
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emissions have been developed [1-5]. The detection of 

subharmonics [6], harmonics [1] or ultra-harmonics [7] from 

microbubbles has been used to adjust the sonication pressure to 

produce safer and more effective treatments. Broadband 

emissions suggest tissue damage [8], and primarily arise from 

the inertial collapse of a microbubble. Such collapses apply 

strong mechanical forces on the tissue microenvironment, 

hence they should be carefully monitored as well. Such 

feedback technologies require the generation and reception of 

ultrasound at different frequencies. In principle, it is possible to 

construct very high bandwidth single-element transducers that 

transmit at fundamental frequency and receive microbubble 

emissions in a broad frequency range, but this would have a 

large trade-off between transmission efficiency and reception 

bandwidth. Hence, the generation and reception of ultrasound 

are typically achieved by using different transducers. 

There are two broad categories of dual-frequency transducers, 

namely interleaved and stacked designs [9]. In interleaved 

designs, which are the most commonly used arrangement, the 

structure is typically a focused single-element transmitter with 

a receiver in the center [10] or a multi-element transmitter array 

with receivers distributed on the same hemispherical surface 

[11, 12]. The transmitters are lead zirconate titanate (PZT), 

while the receivers are PZT [13] or Polyvinylidene fluoride 

(PVDF). Although straightforward to build and repair, such 

interleaved transducers have natural shortcomings. For those 

using a single focused transmitter and a receiver, aligning their 

foci is challenging. As for an interleaved multi-element array, 

the transmitters are densely distributed which leaves very 

limited space for receivers. This not only introduces a trade-off 

between transmission efficiency and reception sensitivity, but 

also increases the design and fabrication complication. Some 

practical improvements have been made to interleaved multi-

element array designs. For example, cylindrical transmitters are 

used in some designs [11, 14] so that the receivers can fit within 

the hollow centre of transmitters [15]. These designs are easy 

to fabricate but the transmission efficiency is still sacrificed. 

Stacked designs where the receiver is mounted on top of the 

transmitter could improve receiving sensitivity without large 

compromises to the transmitting performance, but two concerns 

have limited their use in microbubble-mediated therapeutic 

applications. First, the transmitted therapeutic pulse and the 

received microbubble emissions superimposing at the 
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receiver’s surface. In ultrasound-mediated drug delivery (e.g., 

blood-brain barrier (BBB) opening), long sonication pulses are 

typically 2 to 10 ms in duration [7, 12], so the received signals 

from superficial microbubbles will coincide with the 

transmitted pulses. Second, stacked configurations restrict the 

designer’s ability to select the best backing and matching layers 

for both the transmitter and receiver. In most stacked designs, 

two layers of PZT are used with the one for transmitting placed 

beneath the one for receiving. Hence, a matching layer in 

between [16] must be carefully designed to reduce the ringing 

of received signals and crosstalk between the two PZT layers. 

Furthermore, the PZT receiver is limited to a relatively narrow 

frequency range, which leads to a limited ability in receiving 

broadband signals. A potentially better approach is to use a 

PZT-PVDF stacked design, allowing efficient transmission 

with the PZT and broadband reception with the PVDF. Initial 

designs were for ultrasound imaging, to improve the image 

quality by either placing the PVDF on top of existing ultrasound 

imaging probes [17, 18] or designing new PZT-PVDF stacks 

[19, 20]. However, there have been no PZT-PVDF stack 

designed and tested for therapeutic use or with microbubbles 

within the clinically relevant size range of 1 to 10 µm in 

diameter. 

In recent years, an increasing number of short-pulse 

therapeutic ultrasound methods have been developed. 

Histotripsy, which is a method of using ultrasound to produce 

mechanical disruption of tissue, uses short-pulse ultrasound (< 

20µs) [21, 22]. Short pulses on the order of microseconds have 

also been shown to improve the uniformity of drug delivery 

across the BBB [23, 24], decrease treatment time [25], and 

potentially reduce risk of causing damage [26]. We have 

previously shown that short ultrasound pulses (5 µs in duration) 

with injected microbubbles can safely and effectively open the 

BBB [27]. By using short pulses, the superimposing of 

transmitted and received signals can be avoided. 

We designed a new PZT-PVDF stack that could be used for 

short-pulse therapeutic ultrasound applications. In this design, 

PVDF is used for its good receiving sensitivity [28] and its 

broadband frequency response, even without a backing layer. 

Since the acoustic impedance of PVDF is similar to water, a 

matching layer was not required when directly interfaced with 

water. As the thickness of a PVDF sheet is normally on the 

order of micrometers, we did not expect it to significantly affect 

the transmission performance of PZT. Hence, the stacked 

transducer was simplified as a traditional piston transducer 

design, where the backing and matching layers were selected 

solely for the PZT. In the following sections, we first introduce 

the structure of our stacked transducer and the pre-amplifier for 

the PVDF receiver. We then evaluate the stacked transducer’s 

ability to transmit and receive ultrasound from the same 

location in a pulse-echo experiment. Finally, we evaluate the 

PVDF’s ability to receive signals in a broad frequency range by 

detecting acoustic emissions from microbubbles exposed to 

ultrasound. The receiving performance of PVDF was compared 

to PZT. 

II. MATERIALS AND METHODS 

A. PZT-PVDF stacked transducer design and construction 

The stacked transducer was composed of a PZT transmitter 

with a PVDF receiver mounted on its front. From back to front, 

the stacked transducer consisted of a backing layer, a PZT disc 

(1 MHz, Navy type Ⅱ/Pz27, Meggitt A/S, Denmark), the 1st 

matching layer, the 2nd matching layer, and a PVDF sheet that 

had metallized electrodes and poling across the entire surface 

(28 μm-in-thickness, Precision Acoustics, UK). Both the PZT 

and PVDF are 12.7 mm in diameter. These components were 

enclosed in a 3D-printed casing (Fig. 1).  

The PZT transmitter was designed to transmit short pulses 

hence a heavy backing and two matching layers were used. The 

backing layer was a mixture of tungsten powder (12 μm, Sigma-

Aldrich, UK) and epoxy (3421, Loctite, Germany) with a 

mixing ratio of 80/20 (w/w, its impedance is about 6 MRayl) 

[29]. The 1st matching layer was a 1.57-mm-thick glass disc and 

the 2nd matching layer was a 0.45-mm-thick 3D printed disc 

(Veroclear, Objet 30 Pro, Stratasys Ltd. Israel). The two 

matching layers were both selected with a thickness close to 

one-quarter wavelength. Their acoustic impedance was 

determined as the following [30], 

𝑍𝑚1 = (𝑍𝑝
4𝑍𝑙

3)
1 7⁄

 

𝑍𝑚2 = (𝑍𝑝𝑍𝑙
6)

1 7⁄
 

where Zm1, Zm2, Zp, and Zl are the acoustic impedance of the 1st 

matching layer, the 2nd matching layer, PZT, and water, 

respectively (Table I). The 2nd matching layer was also designed 

to hold the PZT, PVDF, and the 1st matching layer as a sub-

assembly unit. 

The stack of components (PZT, PVDF, and two matching 

layers) was first mounted together using epoxy (Araldite 

standard, Antala Ltd, UK). Then, it was assembled onto a 3D 

printed casing (PLA, Ultimaker 2+, Ultimaker, Netherlands), 

localized by the guide pins and fixed with epoxy (Araldite 

standard, Antala Ltd, UK). The backing layer was filled into the 

casing after. The casing was then sealed, ensuring a waterproof 

stacked transducer. 

 
Fig. 1.  A cross-sectional image of the PZT- PVDF stacked transducer. 

  

TABLE I 

PROPERTIES OF THE MATERIALS IN THE STACKED TRANSDUCER AND THE 

IDEAL MATCHING LAYERS 

Material 
Impedance 

(MRayl) 

Sound speed 
(m/s) 

Thickness 
(mm) 

   

Pz27 34 / 2    

PVDF 4 / 0.028    

Glass (1st matching) 13 6000 1.57    

Veroclear (2nd matching) 2.1 1791 0.45    

Zm1 8.9 / 1.5    

Zm2 2.3 / 0.45    
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B. Pre-amplifier design and characterization  

A JFET operational amplifier OPA659 (Texas Instruments, 

USA) was selected to build a pre-amplifier for the PVDF 

receiver (Fig. 2a). As OPA659 has a large bandwidth (650-MHz 

unity-gain), the pre-amplifier will not overly limit the 

bandwidth of the PVDF receiver. The frequency response of the 

pre-amplifier was evaluated by adjusting the frequency of a 

sinusoidal input from a function generator (33500B series, 

Agilent Technologies, Inc., USA) while recording the output 

with an oscilloscope (Tektronix DPO3014, Tektronix, Inc., 

USA).  The pre-amplifier provided a reasonably good gain over 

a wide frequency range. The gain remained stable at 23.5 until 

1.5 MHz, where it then dropped slowly to 19 at 10 MHz (Fig. 

2b). 

C. Pulse-echo performance  

The stacked transducer’s ability to transmit and receive 

ultrasound simultaneously from the same location was 

evaluated in pulse-echo mode against a near-perfect reflector 

(Fig. 3a). The PZT was excited by a pulser/receiver system 

(DPR 300, JSR Ultrasonics, USA). The transmitted ultrasound 

pulses traveled 15 cm, reflected from a thick metal plate, and 

captured by the PZT and PVDF. The PZT and PVDF signals 

were then amplified by the pulser/receiver’s internal amplifier 

(Gain: 25) and our custom pre-amplifier (Fig. 2a), respectively, 

and recorded using an oscilloscope (Tektronix DPO3014, 

Tektronix, Inc., USA). 

The quality of the PZT and PVDF reception signals was 

compared to the same pulse captured with a 1 mm-in-diameter 

needle hydrophone (Precision Acoustics, UK) (Fig. 3b). A 

pulse was transmitted with the same PZT and pulser/receiver, 

but captured with a hydrophone placed 30 cm away from the 

front surface of the stacked transducer. 

Since there were two matching layers (a 1.57-mm-thick glass 

and a 0.45-mm-thick Veroclear material) between the PZT and 

PVDF, there was a slight difference on time of arrival. We 

adjusted the time of arrival according to the calculated delay to 

align the two signals for better comparison. Both signals were 

then compared to the hydrophone signal. 

D. Microbubble emission detection  

1. Experimental setup 

The stacked transducer’s ability to detect microbubbles’ 

acoustic emissions was evaluated using a channel of 

microbubbles exposed to ultrasound (Fig. 4). The experiment 

was performed in a tank filled with deionised and degassed 

water. The stacked transducer was intended to be one element 

of a multi-element array so this single module was not expected 

to generate a high enough acoustic pressure on its own to get 

therapeutically-relevant microbubble acoustic emissions. As a 

result, we used a separate focused 1 MHz transducer (Olympus, 

Japan) to sonicate the microbubbles. Its focal length was 75 mm 

and its axial full width at half maximum (FWHM) and lateral 

FWHM were 55 mm and 3 mm, respectively. Saline and 

microbubble solution or saline alone (control) flowed through a 

 

 
Fig. 2.  The pre-amplifier designed for the PVDF receiver. (a) Circuit diagram. 
(b) Frequency response of the pre-amplifier. 

  

 
Fig. 3.  Pulse-echo experimental setup. (a) The experimental setup used to evaluate the stacked transducer’s pulse-echo performance. The stacked transducer faced 
a metal reflector and its 1-MHz PZT transmitter was excited by a pulser/receiver. The reflected echo was captured by both the PZT and PVDF. The signals were 

then amplified before being visualized on an oscilloscope and stored on a computer. (b) The experimental setup used to capture the gold standard pulse signal 

transmitted by the same PZT. The PZT was excited by the pulse/receiver and the signal was captured by a needle hydrophone with a 1-mm diameter located 30 
cm away. 
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0.63 mm-in-diameter wall-less channel within a block of 

hydrogel, which overlapped with the focal spot of the focused 

transducer and was perpendicular to the direction of ultrasound 

wave propagation. The stacked transducer was used to receive 

the microbubbles’ acoustic emissions. It was aligned facing the 

sonicated channel region at a distance of 95 mm and with an 

angle of 20 degrees clockwise from the direction of wave 

propagation. 

The wall-less channel was made of polyacrylamide hydrogel 

and had a modulus of elasticity of 8.44 ± 0.82 kPa [31]. The 

relatively soft gel was selected to minimise the effects of rigid 

confinement and acoustic reflections from the gel-water 

interface. It was cast in a 3D printed mould with a 0.63 mm-in-

diameter nylon wire. The wire was removed after the hydrogel 

cured to form a 0.63 mm-in-diameter channel. The diameter 

was selected to allow enough microbubbles to be present within 

the volume to generate sufficient acoustic emissions.Cellulose 

tubes were inserted into both ends of the channel for the syringe 

to draw liquid through. 

In-house manufactured microbubbles [32, 33] were used in 

the experiment. Dipalmitoylphosphatidylcholine (DPPC-82%), 

dipalmitoylphosphatidic acid (DPPA-8%), and 

dipalmitolyphosphatidylethanolamine–PEG5000 (DPPE–

PEG5000-10%) were first mixed and diluted with saline and 

glycerol. Perfluorobutane was then added and the mixture was 

amalgamated. The microbubble suspension was diluted with 

saline at a ratio of 1: 1000. The microbubble solution was 

constantly stirred by a magnetic stirrer, and was drawn through 

the channel by a syringe pump (Harvard Apparatus, US). The 

pulling speed was 0.2 ml/min which generated an estimated 

fluid velocity of 11.4 mm/s inside the channel.  

The 1 MHz Olympus transducer was excited by a function 

generator (33500B series, Agilent Technologies, Inc., USA) 

through a power amplifier (2100L, Electronics & Innovation 

Ltd, USA). The microbubbles’ acoustic emissions were 

captured with the PVDF and PZT, and subsequently amplified 

by our designed pre-amplifier (Fig. 2) and a 25x amplifier 

(SIM914, Stanford Research Systems, USA), respectively. The 

amplified signals were then digitized by GaGe digitizer (Oscar 

16, Dynamic Signals, USA) and recorded by a computer. 

 

2. Sonication and data processing 

As we were only interested in the microbubble’s acoustic 

emissions signal, the primary sonication pulse’s reflections and 

reverberations were removed. A control group with 10 trials 

was first recorded, where only saline solution was administered 

into the channel. A microbubble group was then run where the 

diluted microbubbles were exposed to ultrasound. In both 

groups, acoustic signals were captured with the PZT and PVDF 

transducers. In each set of experiments, pulses (centre 

frequency: 1 MHz, pulse length: 5 cycles) were transmitted 

with a range of peak-negative pressure (PNP): 0.4 MPa to 1.3 

MPa with an increasing step of 0.1 MPa. Ten trials were run for 

the control group and for each pressure. We selected a 2-second 

gap between pulses, so that microbubbles could replenish the 

focal volume. Since the microbubbles flowed at a 11.4 mm/s 

fluid velocity, the 2 seconds allowed the microbubbles to travel 

22.8 mm between pulses, far longer than the width of the 

ultrasound beam and its side lobes.  

The background signal was obtained by averaging the 10 

control trials in the time domain. The microbubble emission 

signals were then obtained by subtracting the background signal 

from each microbubble trial signal in the time domain [34]. The 

background-subtracted signals were then analyzed and 

compared in the time and frequency domains. 

III. RESULTS 

A. Pulse-echo performance 

The stacked transducer was able to transmit pulses with the 

PZT (Fig. 5a) and receive the reflected echo with both the PZT 

and the PVDF (Fig. 5b). This demonstrated that our stacked 

transducer could transmit and receive short pluses from the 

same location.  

The needle hydrophone signal (Fig. 5a) was used as the gold 

standard reference. The duration defined as the full width at half 

 
Fig. 4.  Experimental setup for microbubble emission detection. Microbubbles 

flowing inside a 0.63 mm-in-diameter channel were sonicated by a 1 MHz 

focused transducer. The PZT and PVDF stacked transducer was aligned facing 

the sonicated channel region. The signals captured by PZT and PVDF were 
amplified and digitized before recorded by a computer. 

  

 
Fig. 5.  Pulse-echo with the PZT and PVDF stack. (a) A pulse was generated 
by the PZT using a pulser/receiver. The signal was captured by a 1-mm-in-

diameter needle hydrophone placed 30 cm away from the stacked transducer. 

A metal reflector then replaced the location of the needle hydrophone. (b) Echo 
signals from the metal reflector were received by the PZT and PVDF of the 

stacked transducer. The frequency domain of the signals received with the (c) 

hydrophone and (d) PZT and PVDF were calculated. 
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maximum (FWHM) of the signal envelope from the 

hydrophone was 1.30 μs. Lower amplitude high frequency 

‘spikes’ were also observed. The higher frequency signals were 

due to the PZT being excited by an impulse, driving the PZT 

not only at its resonant frequency, but also at its odd-integer 

harmonics (Fig. 5c). 

As there were two matching layers between the PZT and 

PVDF, the echo signal arrived at different times. For better 

qualitative comparison, the PVDF signal was manually delayed 

by 0.75 μs to align with the PZT signal (Fig. 5b). The PVDF 

signal was shorter than the PZT signal. Whereas the signal 

captured by the PVDF had a duration of 1.12 μs, the signal 

captured by the PZT had a duration of 1.55 μs due to ringing. 

The amplitude of the PZT signal was approximately 5 times 

larger than the PVDF signal. There were a lot more higher 

frequency components in the echo received by the PVDF. With 

respect to duration, pulse shape, and frequency components, the 

received echo signal with the PVDF resembled the hydrophone 

signal more closely than with the PZT (Fig. 5). We also 

measured the -6 dB bandwidth of the PZT to be 60 %. 

B. Microbubble emission detection 

Acoustic emissions from the microbubbles were detected by 

both the PZT and PVDF (Fig. 6). However, the signals detected 

by them were different in both time and frequency domains.  

In the time domain, the signal captured by the PZT (Fig. 6a) 

had a higher contribution from a single frequency than the 

signal captured by the PVDF (Fig. 6c). This is because the 

signals captured by PZT were mainly around 1 MHz, where it 

was the most sensitive. Unlike PZT, PVDF was able to capture 

signals with a much broader bandwidth, hence the waveform 

had sharper features. The duration of the main pulse from PZT 

was longer than that from PVDF. This was caused by the lower 

bandwidth of the PZT.  

In the frequency domain, the signal received from the PZT 

was mainly at 1 MHz with very weak components at 3-4 MHz, 

which was the 3rd harmonic frequency of the PZT (Fig. 6b). On 

the other hand, the signal received from PVDF (Fig. 6d) had 

large contributions from sub-harmonics, higher order 

harmonics, and ultra-harmonics, which were expected from 

microbubble acoustic emissions under a 5-cycle sonication 

pulse. 

PVDF was compared to PZT for a range of peak-negative 

pressures (0.4 to 1.3 MPa) (Fig. 7). PZT mainly received signals 

at its odd-order harmonic frequencies at all pressures evaluated 

(Fig. 7a). Meanwhile, PVDF had a far broader frequency 

sensitivity (Fig. 7b). At low pressures, the signals captured by 

PVDF were mainly at harmonic frequencies. As sonication 

pressure increased to 0.6 MPa, more broadband signals were 

observed, which might be caused by microbubble collapse (Fig. 

7b). As broadband microbubble emissions are normally the 

indicator of tissue damage [8], PZT’s poor ability to capture 

broadband signals limit its ability to provide feedback to a 

control unit, especially when the therapeutic pulse is short in 

length. 

IV. DISCUSSION 

We demonstrated that a PZT-PVDF stacked transducer can 

be used in pulse-echo mode, transmitting short pulses with the 

PZT and receiving from both the PZT and PVDF. The stacked 

transducer can also be used to monitor acoustic emissions 

generated from microbubbles. This stacked transducer works 

with short pulses and can be easily incorporated into multi-

element arrays. 

The PVDF captured signal (Fig. 5b and 5d) was close to the 

ground truth signal obtained with a needle hydrophone both in 

the time and frequency domains (Fig. 5a and 5c), outperforming 

the PZT. The tail after the main pulse received by the PVDF 

was different from the hydrophone signal, which could be 

caused by rough surfaces of the reflector, the crosstalk from 

PZT, and surface averaging caused by the PVDF receiver’s 

large active area. Although the pulse-echo performance of the 

PZT in our stacked transducer was fairly good (a -6 dB 

bandwidth of 60 %), producing similar result to other studies 

[35-37], the echo signal that the PZT received had ringing 

artifacts, which lengthened the received pulse. This 

demonstrates an advantage of using PVDF as the receiver over 

PZT. Note that our PVDF was using a pre-amplifier designed 

in-house (gain: 23.5) while PZT was using a commercially 

available amplifier (gain: 25). PVDF has a much lower 

electromechanical coupling factor than PZT, which results in a 

 
Fig. 6.  Microbubble emissions received by the PZT and PVDF. Time traces of 
the detected microbubble emissions from (a) PZT and (c) PVDF, and their 

Fourier magnitude spectrum (b) and (d), respectively. The shaded areas in (b) 

and (d) are the range of 10 trials, and the line was one data set of them. The 

sonication pulse parameters were 1 MHz, 5 cycles, and 0.4 MPa. 

 
Fig. 7.  Normalized frequency spectrum of microbubble emissions captured by 
(a) PZT and (b) PVDF. The data was averaged across 10 trials in frequency 

domain. 
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lower receive efficiency [38]. So, the signal PVDF received had 

a 30% smaller amplitude than that received by PZT (Fig. 6a and 

6c). 

The PVDF was also shown to capture a broad frequency 

range of signals generated by microbubbles (Fig. 6d and 7b). In 

contrast, the PZT could only receive signals at its odd-order 

resonant frequencies (Fig. 6b and 7a). Ultra-harmonics, even-

order harmonics, and broadband signals captured with the 

PVDF were not observed in the signals captured with the PZT. 

Although there are designs using a second PZT transducer to 

receive microbubble emissions [13, 39, 40], the broadband 

frequency content of microbubbles is something that a PZT 

transducer could not fully accommodate. Furthermore, when 

broadband signals were generated, PZT’s narrow bandwidth 

would distort the signal by showing a non-existing peak at its 

resonant frequency [1]. Current feedback control systems rely 

on the detection of harmonic and broadband signals, so it is 

important to avoid false positives. In the time domain, accurate 

signal waveforms can be used to identify potential harmful 

bubble behaviors, e.g., shock waves [41]. In the time domain, 

the PVDF (Fig. 6c) captured signals were shorter in duration, 

demonstrating a reduction in ringing artefacts. The high 

frequency data observed in the spectrum can also be clearly 

seen in the time domain data. Based on this data, the PVDF is 

better suited for detecting microbubble’s acoustic emissions 

than PZT. 

Our PZT and PVDF stacked transducer design was intended 

for a multi-element array, hence a simple structure was desired 

for mass production. By adding a layer of PVDF on the front, 

the design was simplified to a traditional piston transducer, 

where mainly the backing and matching layers of the PZT 

transmitter needed to be considered. As a result, it would be 

very easy to change the center frequency of the PZT; or 

transition to different materials, such as composite materials. 

The modular assembly process – where the PZT, PVDF, and 

two matching layers were assembled first, then backing and 

casing – avoided assembly errors and made the design more 

practical for mass production. Also, although we demonstrated 

a flat transducer design, it could be easily modified to a focused 

transducer. However, our intention is to use the flat transducer 

element as part of tens or hundreds of elements arranged on the 

surface of a hemispherical frame. The ultrasound generated by 

all the elements would be focused by this arrangement while 

allowing the ability to electronically steer the beam. 

When incorporated into a multi-element array, our stacked 

transducers would have the transmission efficiency and 

reception efficiency for microbubble-seeded therapeutic 

applications. We selected Navy Type II PZT for our stacked 

transducer design, because we found it efficient enough for our 

short-duration and low-pressure therapeutic pulses [24, 27, 42]. 

For example, when using a rapid short pulse (RaSP) sequence 

to deliver drugs in the brain, we would need to produce a 5-

cycle, 400-kPa pulse in the brain across the human skull. 

Without a matching network, our single element produced a 

peak-rarefactional pressure of 200 kPa at a 15-cm distance with 

a 300 Vpp input. The pressure at the geometric center of a multi-

element hemispherical array can be roughly calculated as the 

sum of pressures generated by all elements. Assuming only 10-

15% of the pressure can traverse the human skull to reach the 

sonication region at 1 MHz [43] , we estimate that an array of 

20 stacked transducers could generate the 0.4 MPa required to 

deliver drugs across the BBB. As we can add more elements,  

add a matching network, and apply higher voltages [44], our 

transducer design should also be efficient enough to steer an 

ultrasound beam to different regions of the brain. On the 

receiving side, as ultrasound within 1- 2 MHz will attenuate 

after propagation through a human skull [45, 46], the signal-to-

noise ratio (SNR) of the signal from one PVDF receiver (Fig. 

6c) will be significantly reduced. Our rough calculation is that 

10% signal transmission through the skull would lead to an 

approximate SNR reduction by 100 times. However, it may be 

possible to recover this loss in SNR by using hundreds to 

thousands of receiving elements [47] using passive acoustic 

mapping algorithms [48-50]. 

A limitation of our study was that the stacked transducer was 

not used to sonicate the microbubbles. Instead, a commercial 

transducer with the same center frequency as our PZT was used. 

However, we did not view this as a major shortcoming as the 

stacked transducer was designed to be incorporated into a multi-

element array where the focal pressure will be the superposition 

of many stacked transducers. Furthermore, we have not yet 

evaluated how high the pressure generated by the PZT would 

affect the PVDF. A future improvement can be done by 

replacing the PZT with composite piezoelectric materials. As 

we needed to generate short pulses, we added a backing 

material that simultaneously reduced PZT’s transmission 

efficiency. However, by using composite piezoelectric 

materials, we can avoid such a strong trade-off in transmission 

efficiency. 

V. CONCLUSION 

A PZT-PVDF stacked transducer for short-pulse ultrasound 

therapy and monitoring was presented. Taking merits of PVDF, 

the design was simplified to adding a PVDF receiver at the front 

surface of a traditional piston PZT transmitter. The stacked 

transducer showed its ability to transmit and receive short-pulse 

ultrasound from the same location. The PVDF was also shown 

to capture a broad frequency range of signals generated by 

microbubbles. These indicated its potential to compose a multi-

element array for therapy and reliable monitoring. As the PVDF 

receiver didn’t require backing or matching layers, this design 

could be easily adapted for different transmission frequencies 

or different transmitting materials. The simple structure and the 

adoption of a modular assembly process also made it practical 

for mass production. Future work will focus on incorporating 

this design into a multi-element transducer array. 
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