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Abstract: Background: A cylindrical piezoelectric element and a specific multi-channel circular mi-
croelectromechanical systems (MEMS)-transducer array of ultrasonic system were used for ultrasonic
energy generation and ablation. A relatively long time is required for the heat to be conducted to
the target position. Ultrasound thermal therapy has great potential for treating deep hyperplastic
tissues and tumors, such as breast cancer and liver tumors. Methods: Ultrasound ablation technology
produces thermal energy by heating the surface of a target, and the heat gradually penetrates to the
target’s interior. Beamforming was performed to observe energy distribution. A resonance method
was used to generate ablation energy for verification. Energy was generated according to the coordi-
nates of geometric graph positions to reach the ablation temperature. Results: The mean resonance
frequency of Channels 1-8 was 2.5 MHz, and the cylindrical piezoelectric ultrasonic element of
Channel A was 4.2546 () at 5.7946 MHz. High-intensity ultrasound has gradually been applied
in clinical treatment. Widely adopted, ultrasonic hyperthermia involves the use of high-intensity
ultrasound to heat tissues at 42—45 °C for 30-60 min. Conclusion: In the ultrasonic energy method,
when the target position reaches a temperature that significantly reduces the cell viability (46.9 °C),
protein surface modification occurs on the surface of the target.

Keywords: resonance; ablation; ultrasound MEMS-transducer

1. Introduction

For the treatment of deep hyperplastic tissues and tumors (e.g., breast cancer and
liver tumors), ultrasound thermal therapy is a highly precise, highly accurate cardiac
catheterization and treatment. The basic procedure of the fully developed radiofrequency
treatment involves puncturing the peripheral artery of the hand or leg (usually the artery of
the wrist or groin) under local anesthesia, and then inserting a tailored slender catheter into
the blood stream along a large blood vessel to examine and treat it [1,2]. The catheter allows
specially made equipment such as balloons and stents to enter the body and reopen blocked
blood vessels (e.g., through balloon dilatation or stenting). Because of the characteristics of
blood vessels, the rebound effect or crack formation may occur, which would likely entail
relocking within a short time. Stent placement offers vascular stability to fully overcome
the rebound problem, but endothelial cell growth or thrombus proliferation can lead to
in-stent restenosis, which remains the toughest problem in cardiac catheterization. In
response, the application of drug-eluting stents can considerably reduce in-stent restenosis
from over 20% to less than 3%.

Limitations still exist in cardiac catheterization. For example, atherosclerosis or plaque
accumulation can appear uniform in some patients, which renders examining the actual
condition in blood vessels and the actual vessel diameter through cardiac catheterization
imaging difficult, and may even affect the choice of intravascular stents. Intravascular
ultrasound involves using a heart catheter with a miniaturized ultrasound probe attached
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to enter the deep veins for examination. Simultaneously displaying the vascular stenosis
diagnosis (X-ray image) and intravascular tissue structure (soft plaque) on screen in the
examination room facilitates confirmation of the scope, length, and wall size of the vascular
stenosis [3-6]. This also enables physicians to select the appropriate treatment strategy
before surgery (e.g., stent size) as well as performing postoperative checks for insufficient
dilatation and incomplete lesion coverage, thereby reducing the incidence of vascular
restenosis. Intravascular ultrasound is generally recommended for patients with complex
conditions. According to overseas statistics, proper use of intravascular ultrasound can
reduce the restenosis rate by approximately 10-30%, and thus the use of such technology
is increasing. In terms of automatic picture transmission and three-dimensional (3D)
reconstruction, 3D rotational angiography images are automatically transmitted to the
workstation for image reconstruction to rapidly display 3D blood vessel images [7-10].
This new technology may serve as a clinical evaluation and treatment method before and
after surgery and will soon become a trend in X-ray-dependent cardiac catheterization.

Among the various thermal sources that can be used for ablation of the hyperplastic
tissue between the left atrium and the pulmonary vein, ultrasound has particularly high
potential for development. Ultrasound is sound waves at frequencies of 20,000 Hz or higher,
which are inaudible to the human ear. Therapeutic ultrasound can produce two types of
biological effects, namely thermal and nonthermal effects. Lead zirconate titanate (PZT)
ceramics for ultrasonic-induced nonthermal effects can be further classified into cavitation,
acoustic streaming, acoustic torque, radiation force, and radiation pressure [11-19]. These
nonthermal phenomena are the result of attenuated ultrasound energy after ultrasound
is absorbed by the biological tissues or scattering while traveling through biological tis-
sues. Energy absorbed by the tissues is converted into thermal energy that increases the
temperature of biological tissues, causing thermal effects [20-28].

2. Framework of the Ultrasound Ablation System

Ultrasound-induced thermal effects differ from the traditional thermal effect. The
traditional thermal effect requires thermal energy from the surface of the target, and the
heat gradually penetrates into its interior. A relatively long period of time is required for
the heat to be conducted to the target area. When the target position reaches a temperature
(42 °C) that significantly reduces cell viability, the surface of the target has already been
overheated. Cauterization of tumors can damage normal cells. By contrast, the short
wavelength of ultrasound enables energy to be focused on an extremely small area through
phase adjustment, allowing the energy to be transferred effectively to the soft tissue. This
prevents harm to normal tissues, through which the ultrasound passes. Therefore, for the
treatment of deep-seated tumors (e.g., breast cancer and liver tumors), ultrasound thermal
therapy is of optimal development potential [29-40].

The following paragraphs describe the principle, function, and effect of ultrasound
introduction. In daily life, the terms “acoustic wave” and “sound wave” are often heard,
but people generally have a limited understanding of them. Simply put, a sound wave
is the frequency of a substance generated through mechanical vibration. Audible sound
waves to human beings generally have vibration frequencies from 20 Hz to 18,000 Hz
per second and are termed “subsonic waves”. Ultrasound refers to sound waves with a
vibration frequency of 20,000 Hz or higher. In recent years, ultrasound applications have
occupied a significant place in medical cosmetology because ultrasound-induced thermal
and mechanical vibrations reach a permeability level beyond that of other instruments.
Because ultrasound penetrates deep into tissues and transforms into thermal energy, it
provides efficient, deep massages and maximizes drug efficacy [41].

2.1. Mechanism of Ultrasound Introduction
2.1.1. Ultrasound Heating

During the propagation of ultrasound, drugs, media, skin, and subcutaneous tissues
absorb ultrasound energy and convert it into thermal energy, which increases the kinetic
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energy of drugs and carbohydrates, lipids, and proteins in skin cell membranes. Increased
skin temperature enlarges pores and diameter of the sweat gland ducts, thereby accelerating
the diffusion of drugs through percutaneous absorption. The thermal effect produced
activates deep-tissue cells, strengthens local metabolism, and accelerates the absorption of
drugs [42].

2.1.2. Mechanical Effect

Ultrasound can temporarily change the interstitial lipid structure of the skin’s ker-
atinocytes, increase the effective penetration area, increase the permeability of cell mem-
branes, enlarge the tiny pores between epidermal cells, and accelerate the absorption of
skin care products. Ultrasound can cause high-speed oscillation of drugs, media, and
intracellular particles; reduce the electric potential and increase the permeability of cell
membranes; and facilitate percutaneous absorption of skin essences [43].

2.1.3. Convective Transport or Streaming

Under the effect of ultrasound, bubbles in the diffusion system vibrate continuously,
causing particle rotation and liquid circulation around the bubbles, which facilitate the
convective transport of drugs into the skin through diffusion. In addition, high-frequency
physical vibrations produce slight massage effects and promote blood and lymphatic
circulation to achieve repair effects [44].

2.1.4. Cavitation Effect

The cavitation effect refers to the ultrasound-induced vibration of gas molecules and
bubbles in media and cells, which causes the bubbles to rupture and form voids or air sacs.
This effect changes the lipid structure of the skin, causing the formation of media cavitation
outside the skin. Numerous water molecules enter the lipid structure to form water-soluble
channels, which facilitate the percutaneous penetration of drugs. Furthermore, the effective
diffusion area of skin is greatly enlarged, which facilitates the percutaneous absorption of
skin essences [45].

3. Experiment and Results

Microelectromechanical systems (MEMS)-transducer-driven multiplex bioelectronics
signals ultrasonic ablation systems integrated with precision medicine can be divided into
(1) a cylindrical piezoelectric ultrasonic element (Channel A) and (2) a 16-channel circular
MEMS-transducer array. Thermal energy was generated by accumulating ultrasound
energy at the front end of the catheter. Using novel ultrasonic cardiac microcatheters,
ultrasound ablation was performed to measure the protein modification.

In clinical application, (1) when the patient’s symptoms are severe and the area to
be treated is large, a cylindrical piezoelectric ultrasonic element will be used. An entire
cylinder performs ablation. (2) When the patient’s symptoms are mild and the treatment
area is small, a 16-channel circular MEMS-transducer array will be used. Because there is
only a very small area in the blood vessel to be ablated. When using 16-channel circular
MEMS-transducer array, piezoelectric systems are designed to drive signals to operate
individual channels.

In this study, these two forms of piezoelectric ultrasonic system were employed for ul-
trasonic energy generation and ablation. In the first stage, beamforming was performed to
observe energy distribution; then, in the second stage, a resonance method was used to gen-
erate ablation energy for verification. Energy was generated according to the coordinates
of geometric graph positions to reach the ablation temperature.

Sensor arrays for directional signal transmission or reception constitute a beamforming
detection system. The technology involves adjusting the parameters of the basic phased
array units while energy from other angles suffers destructive interference. Beamforming
can be used on the transmitter and receiver.
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Regarding the supply voltage and resonance frequency of the cylindrical piezoelec-
tric ultrasonic element (Channel A), the loop impedance is 4.2546 () and the resonance
frequency is 5.7946 MHz. For the 16-channel circular MEMS-transducer array, the reso-
nance frequency characteristics and loop impedance characteristics of each channel were
measured first, and bioelectronics signals corresponding frequencies were delivered to the
piezoelectric elements. The minimum loop impedance structure enabled resonance signals
to be measured for monitoring resonance energy.

3.1. Channel A Circular MEMS-Transducer

The supply voltage and resonance frequency conditions of Channel A are depicted

in Figure 1. Specifically, the loop impedance and resonance frequency are 4.2546 () and
5.7946 MHz, respectively.
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Figure 1. Single-channel cylindrical piezoelectric ultrasonic element (Channel A). (A) Measure resonance frequency model,
The Butterworth-Van Dyke (BVD) equivalent circuit extracted data of the actual elements and calculated the equivalent
resistor, inductor, and capacitor (RLC) elements. The advantage of the BVD equivalent circuit is that the circuit can
be analyzed quickly. (B) Parameters, Cp: capacitance between the two electrode plates of the piezoelectric element, R:
impedance is equal to R at resonance, C: capacitance is equal to C at resonance, L: inductance is equal to L at resonance.
(C) Cylindrical piezoelectric ultrasonic element, (D) Loop impedance of Channel A, (E) Resonance condition, (F) Beam
former scanning, (G) Energy profile, (H) Temperature observed.

The output pulse bioelectronics signals of an application-specific integrated circuit
(ASIC) have a resonance frequency of 6 MHz and supply voltage of 108.0 V. Thermal
energy was generated by accumulating ultrasound energy at the front end of the catheter.
Using ultrasonic cardiac microcatheters, ultrasound ablation was performed to measure the
protein modification. The temperature control result and corresponding sound intensity
are presented in Figure 1, which shows that the temperature reached 46 °C at heating
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durations of 180 s, 220 s, and 240 s. According to the results, temperature overshoot
was observed at 200 s. Because of the short heating duration, the output intensity was
progressively incremental, and a strong output intensity per second was observed before
the target temperature was reached. When the target temperature was reached, the output
intensity dropped sharply but not fast enough, causing temperature overshoot.

The parameter settings were as follows: a focused ultrasound frequency of 6 MHz; a
fixed heating duration of 220 s; and target temperatures of 45 °C, 55 °C, and 60 °C. The
temperature control results are presented in Figure 1, demonstrating that the controller
could reach the target temperature of 46 °C or even higher within 220 s. Changes in
an ablation experiment conducted on a pork specimen under different combinations of
parameter settings were recorded. The diameter and thickness of the lesion were measured
through sonography and actual measurement with a ruler.

The diameter and thickness of the lesion yielded from the ultrasound image were
compared with the actual measurement to determine their correlation.

The preliminary experiment results of ultrasound catheter ablation were as follows.
At 46 °C (1/4 damage) or 50 °C (10/60 damage), the pulse was terminated prematurely
because of catheter heating (thermocouple). The output pulse bioelectronics signals of an
application-specific integrated circuit (ASIC) have a resonance frequency of 5.7946 MHz
and supply voltage of 108.0 V. For the single-channel cylindrical piezoelectric ultrasonic
element (Channel A), the ultrasonic frequency is 5.7946 MHz, and the transmission speed
is 2 kHz. That is, 500 us sends out a pulse high voltage of 5.7946 MHz. The launch speed of
pulse is 500 us once. The pulse width of the application-specific integrated circuit (ASIC)
drive system determines the frequency of the ultrasound. The width of each pulse is
(1/5.7946 MHz) /2. The pulse width of each pulse signal is about 172 ns. The diameter of
the damage caused by temperatures of 60-70 °C for 180-240 s was approximately 3 cm,
but poor reproducibility was observed at 60 °C. The depth of the lesion was determined
by the position of the crystal. Considering that the crystal angle caused ultrasonic beam
tilt, an eccentric crystal position may have affected the temperature feedback output by
the thermocouple because of temperature unevenness. Consequently, the size of the lesion
was reduced. Single-channel cylindrical piezoelectric ultrasonic element (Channel A) is
shown in Figure 1.

3.2. 16-Channel Circular MEMS-Transducer Array

First, the resonance frequency characteristics and loop impedance characteristics
were measured, and the bioelectronics signals corresponding resonance frequencies were
delivered to the piezoelectric elements. The minimum loop impedance structure enabled
resonance signals to be measured for monitoring resonance energy. The specific 16-channel
circular micro-MEMS-transducer array is shown in Figure 2.

Scanni

Figure 2. Specific 16-channel circular microelectromechanical systems (MEMS)-transducer array.
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This study chose to increase the voltage supply to Channel 5 as shown in Figure 3A,
which generated satisfying ultrasonic energy in the first experimental stage, to drive the
piezoelectric element, which had a resonance frequency and loop resistance of 2.3759 MHz
and 19.729 (), respectively (Figure 3).

(A) Channel 5 (B) PSM3750 Frequency Response Analyzer
L e ——

(C) Measured at MEMS-transducer Channel 5

120 L 70 Frequency :
£ 100 75 2.3759 MHz
§ 80+ —-—Ir'nped'amr:e—-8[]1“3J
S ol ——2Z Phase = Loop
E "'\-"‘. R Impedance :
g oo™ 19.729 ohm

20 1 e S o
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[==]

(D) MEMS-transducer in the sink, beam former scanning

Figure 3. Channel 5 generated by ultrasonic energy was selected to increase the voltage supply.
(A) The 16-channel circular MEMS-transducer array; (B) The PSM3750 Frequency Response Analyzer
(Miko-Kings Instruments LTD, Fotan, Shatin, N.T, Hong Kong) was used for measuring the resonance
frequency of the piezoelectric element; (C) Measured at MEMS-transducer Channel 5, the frequency
and impedance at the resonance frequency were 2.3759 MHz and 19.729 Q), respectively; (D) Af-
ter putting the MEMS-transducer in the sink, beamforming was performed to scan its ultrasonic
resonance energy.
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Beamforming was performed to scan the ultrasonic resonance energy of the MEMS-
transducer and to detect ultrasound signals, as shown in Figure 4.

(A) MEMS-transducer array was placed in the sink

|

35
3
25
2
15
1

. 05

0 10 20 30 40 50
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Figure 4. Beamforming was performed to scan the ultrasonic resonance energy of the MEMS-
transducer. (A) The 16-channel circular MEMS-transducer array was placed in the sink for ultrasonic
signal monitoring. (B) 10.00 Vpp signals were sent to Channel 5 at a frequency of 2.3759 MHz.
Beamforming was performed to detect ultrasound signals.

This figure presents the framework of the ultrasonic sound field scanning system.
This study used graphical programming language in LabVIEW; connected a needle hy-
drophone to the XYZ three-axis platform to measure the pressure distribution of each
point in the 3D space; and built a system for the automatic measurement of ultrasonic
sound fields. Beamforming can be interpreted as a technique based on wave interferences,
which achieve the optimal performance on the receiving end through phase adjustment.
The geometric interpretation of singular value decomposition (SVD) is that SVD can be
performed to switch any two perpendicular coordinates within a matrix (M) to another
two perpendicular coordinates. Changing the coordinate axis of matrix A (m x n), using P
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as the transformation matrix, an m x n-dimensional space can be transformed into another
m X n-dimensional space, thereby creating similar changes in spatial rotation or skewness
within the space.

4. Discussion

In this study, the PSM3750 Frequency Response Analyzer was adopted to measure the
resonance frequency of the piezoelectric element. Subsequently, the obtained resonance
frequency conditions were applied to provide high voltages (£20 V to £50 V) and enable
resonance frequency operations.

This study selected eight channels to measure the resonance frequency conditions and
supply voltage, as shown in Table 1. It mainly analyzes the resonance frequency condition
comparison between Channels 1-8 and Channel A. The measurement parameters include
loop impedance characteristics, resonance frequency characteristics, each loop in a multi-
channel architecture, and a single-channel loop.

Table 1. Comparison of resonance frequency conditions between Channels 1-8 and Channel A.

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6 Channel 7 Channel 8 Channel A
Loop impedance 19.588 675.14 487.30 23.744 19.729 429.05 27.551 39.376 4.2546
characteristics Ohm Ohm Ohm Ohm Ohm Ohm Ohm Ohm Ohm
Resonance frequency 2.3759 2.8619 2.8619 2.5476 2.3759 2.5476 2.4890 2.3490 5.7946
characteristics MHz MHz MHz MHz MHz MHz MHz MHz MHz

Table 1 presents two measured parameters. The values of these two parameters
are the loop impedance characteristics and the resonance frequency of eight individual
channels. From the technical analysis, the piezoelectric ceramic powder used in the
ultrasonic bonding technology is mainly composed of lead zirconate titanate (PZT), and
then lead oxide (PbO), zirconium oxide (ZrO2), and titanium oxide (TiO2) are added. After
the powders are mixed, they are compressed into various specifications and shapes with a
press, and sintered at a temperature of about 1350 °C. The resulting product is polarized
into piezoelectric ceramics. However, piezoelectric materials are susceptible to energy
released by electric energy, mechanics, and thermal effects, causing the resonance frequency
of piezoelectric ceramics to drift. This study measured the resonance frequency between 2
MHz and 6 MHz. The corresponding impedance value of the entire loop is between 4 ohm
and 500 ohm in these eight channels. The dimensions, geometry, materials, and fabrication
details for the MEMS-transducer array are described below.

(A) Dimensions. The composition dimensions of the tube are as follows.

Inner diameter: 3000 pm

Outer circle diameter: 3600 um
The length of each pcs: 2500 um
Width: 500 pm

Thickness: 300 pm

(B) Geometry. 16 pcs lead zirconate titanate (PZT) are arranged in a ring to form a tube,
as shown in Figure 5.

(C) Materials. During the development process of piezoelectric materials, the new piezo-
electric ceramic system is developed and prepared by low-temperature sintering.
The manufacturing process reduces the sintering temperature of the material system
by replacing elements inside the material or adding sintering aids. It is observed
that the characteristics of the material change during low-temperature sintering. It
explores the mechanism of characteristic changes and selects a low-temperature or
high-temperature ceramic material system suitable for use in cardiac catheters. Piezo-
electric ceramic powder is mainly composed of lead zirconate titanate (PZT). Its
manufacturing process adds lead oxide (PbO), zirconium oxide (ZrO2), and titanium
oxide (TiO2).
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Figure 5. Geometry of MEMS-transducer array, 16 pcs lead zirconate titanate (PZT) arranged in a

ring to form a tube.

(D) Fabrication. The steps of precision machining are shown in Figure 6.

(E)

a. Lead zirconate titanate (PZT); the solid-state reaction method is used for prepa-
ration, the sintering needs to be performed in a high-temperature environment;
for example, the sintering temperature of Pb(ZrTi)O3 is 1200 °C to 1350 °C.

b.  Knife tool cutting; the machining shape to be produced by machining is deter-
mined by the tool shape. Because the ultrasonic processing is generated by the
vibration of the tool indirectly through the grinding fluid to impact a shape.
The machining shape and size will vary owing to the size of the abrasive, and
the selection of the tool material is very important.

C. Rolled into tube; according to the application of treating deep hyperplastic
tissues and tumors (such as breast cancer and liver tumors), the multi-channel
piezoelectric sheet is rolled into a tube shape.

In terms of materials and methods, the piezoelectric ceramic powder used in ultrasonic
bonding technology is mainly composed of lead zirconate titanate (PZT), and then
lead oxide (PbO), zirconium oxide (ZrO2), and titanium oxide (TiO2) are added. After
mixing the powders, they are compressed into various specifications and shapes with
a press, and sintered at a temperature of about 1350 °C. As the content of sintering
aid Li2CO3 increases, it will help to improve the density of the test piece and related
characteristics. This reflects that the sintering aid uses the mechanism of liquid
phase assisted sintering to increase the sintering stability. Furthermore, the holes and
voids produced by the test piece in the low temperature sintering environment are
eliminated. As the content of Li2CO3 continues to increase, the electrical properties
such as d33 and kp will decrease accordingly. This is because, if the doping of elements
occupies the A site in the perovskite structure, such as common elements La3*, Cd?t,
and Bi%*, they are called donor dopants. On the contrary, if it occupies the B site in
the perovskite structure, such as common elements Fe3t, Ni?*, Zn?*, and Li*, they
are called acceptor dopants. In this system, replacing the elements of B site2+ with
lower valence Li+ will produce oxygen vacancies, which will limit the rotation of
the domain. This causes the piezoelectricity value to decrease. When the amount
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of Li2CO3 added exceeds 0.6 wt%, the coercive electric field value will continue to
rise, making the piezoelectric material “hard”. This is the so-called hard modification
addition, and this micro-doping mechanism can be used to control the piezoelectric
properties of different material systems, and the resulting product can be polarized
into piezoelectric ceramics. Supplying a high frequency signal to operate this system,
the resonant frequency of piezoelectric ceramics occurs.

a. Lead zirconate b.Knife tool
titanate (PZT) cutting

=
#. -

Figure 6. Fabrication steps. (a) Lead zirconate titanate (PZT); (b) Knife tool cutting; (c) Rolled
into tube.

The chart of Figure 7 is a characteristic of the impedance and phase of near the
resonance frequency. Cylindrical piezoelectric and specific multi-channel circular MEMS-
transducer array resonator of ultrasonic is shown in Figure 1 to Figure 3. The measurement
result curve distribution on the vertical axis is impedance and Z phase. The value of these
curve distributions in research is to optimize the ultrasonic system when manufacturing
MEMS transducers. These two parameters vary with the frequency. According to this
result, the circuit channel of the piezoelectric element can be immediately fed with a signal
waveform to generate a sound field.

The mean resonance frequency of Channels 1-8 was 2.5 MHz. This study proposed an
innovative system focusing on the integration of precision medicine with multiplex bio-
electronics signals ultrasonic ablation system driven by an array MEMS-transducer [46—49].
An ASIC-based cardiac microcatheter ultrasound ablation system was integrated with
eight-channel ASIC, high-voltage and high-power output, design of piezoelectric devices,
and design for testability to create a large array MEMS-transducer system. The output
pulse signal of ASIC at a resonance frequency is 1/405.0 ns Hz and the supply voltage is
108.0 V. Thermal energy was generated by accumulating ultrasound energy at the front
end of the catheter. Using ablation treatment based on ultrasonic cardiac microcatheters,
this study performed ultrasound ablation-based protein modification measurements and
actual catheter operation to explore the range of pixel ablation, which allowed the position
and intensity of the ultrasonic pixels to be separately adjusted. Protein modification of
the pork specimens was performed through ultrasonic ablation. The proposed innovative
system was based on arrays of ultrasonic pixels for ablation, which enabled the individual
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Figure 7. Impedance Z phase frequency conditions between Channels 1-8 and Channel A.

The mean resonance frequency of Channels 1-8 was 2.5 MHz. This study proposed an
innovative system focusing on the integration of precision medicine with multiplex bio-
electronics signals ultrasonic ablation system driven by an array MEMS-transducer [46-49].
An ASIC-based cardiac microcatheter ultrasound ablation system was integrated with
eight-channel ASIC, high-voltage and high-power output, design of piezoelectric devices,
and design for testability to create a large array MEMS-transducer system. The output
pulse signal of ASIC at a resonance frequency is 1/405.0 ns Hz and the supply voltage is
108.0 V. Thermal energy was generated by accumulating ultrasound energy at the front
end of the catheter. Using ablation treatment based on ultrasonic cardiac microcatheters,
this study performed ultrasound ablation-based protein modification measurements and
actual catheter operation to explore the range of pixel ablation, which allowed the position
and intensity of the ultrasonic pixels to be separately adjusted. Protein modification of
the pork specimens was performed through ultrasonic ablation. The proposed innovative
system was based on arrays of ultrasonic pixels for ablation, which enabled the individual
adjustment of the position and intensity of the pixels. The range of pixel ablation surpassed
a specific point or line and extended to the entire area.

The resonance frequency characteristics of the eight channels were required to con-
form to the frequency of the frequency generator, which required changes in vibration
system characteristics and vibration modes, and thus affected the transfer of ultrasonic vi-
bration energy. Ultrasound ablation is an extremely safe and minimally invasive treatment
and involves precisely inserting ultrafine catheter electrodes into the pulmonary vein or
superior vena cava area. During the treatment, the piezoelectric ceramic MEMS-transducer
of the catheter emits ultrasound, and the tissues that ultrasound passes through generate
heat from ion-induced turbulence. Consequently, the temperature in the target area begins
to rise; when it reaches 60 °C or higher, the tissues therein (including hyperplastic tissues)
are burned and become necrotic. Because the temperature is not excessively high, the risks
of damaging adjacent tissues outside the target area (e.g., blood vessels) are low.

Tissue ablation is achieved by focusing high-energy ultrasound waves onto the target,
allowing the tissue to absorb the energy and convert it into thermal energy, which increases



Micromachines 2021, 12, 371

12 of 15

the temperature in the focal area and causes coagulation necrosis of tissues. According to
the system’s arrangement of array elements, ultrasound focus differs in treatment range
and depth. Therefore, sound field measurement is necessary for the analysis of sound
field distribution in ultrasound thermal therapy. High-intensity ultrasound has gradually
been applied in clinical treatment. Widely adopted, ultrasonic hyperthermia involves the
use of high-intensity ultrasound to heat tissues at 42—45 °C for 30-60 min. Many studies
have explored high-intensity focused ultrasound (HIFU), which employs a large-area
probe with superior geometric focusing that facilitates high energy emission and accuracy
of lesion positioning [50]. Moreover, no cumulative dose damage occurs from multiple
treatments, and ultrasound imaging can be performed simultaneously during treatment.
In addition to destroying tumor tissues, HIFU has a superior hemostatic effect, which is
effective in treating internal bleeding caused by the rupture of large blood vessels. Clinical
applications of HIFU include treatment for benign or malignant tumors (e.g., liver cancer,
pancreatic cancer, and sarcoma) as well as hemostasis, thrombolysis, and drug and gene
delivery [51,52].

5. Conclusions

This study satisfied the supply voltage and resonance frequency requirements of a
single-channel cylindrical piezoelectric ultrasonic element (Channel A). The loop impedance
and resonance frequency of Channel A were 4.2546 () and 5.7946 MHz, respectively. For
the 16-channel circular MEMS-transducer array, resonance frequency characteristics and
loop impedance characteristics of each channel were measured first, and corresponding
frequencies were delivered to the piezoelectric elements. The output pulse bioelectronics
signals of an application-specific integrated circuit (ASIC) have a resonance frequency of
5.7946 MHz and supply voltage of 108.0 V. For the single-channel cylindrical piezoelectric
ultrasonic element (Channel A), the ultrasonic frequency is 5.7946 MHz and the trans-
mission speed is 2 kHz. That is, 500 us sends out a pulse high voltage of 5.7946 MHz.
The launch speed of the pulse is 500 us once. The pulse width of the application-specific
integrated circuit (ASIC) drive system determines the frequency of the ultrasound. The
width of each pulse is (1/5.7946 MHz)/2. The pulse width of each pulse signal is about
172 ns. The minimum loop impedance structure enabled resonance signals to be measured
for monitoring resonance energy. When the hyperplastic tissue reached a temperature
of 42 °C, the cell viability tended to decline at first and then level off. This was because
the heat tolerance of cells enabled cell tissue to gradually adapt to the environmental
temperature of 42 °C. However, when the temperature rose to 46 °C, the cell viability
decreased considerably and cells were no longer tolerant of heat. That is, cells cannot
tolerate a temperature of 46 °C or above, which results in cell death. Therefore, heat can
be utilized to treat hyperplastic tissues. In hyperthermia therapy for hyperplastic cells or
tumors, when the mechanical energy of high-intensity ultrasound is converted into thermal
energy in the medium, the high temperature generated by the ultrasonic energy prompts
the target to rapidly solidify hyperplastic cell histones, forming irreversible tissue necrosis,
thereby promoting cell proliferation and treating tumors.

Author Contributions: Methodology, ].-C.L. and C.-W.P;; formal analysis, ].-C.L. and Z.-X.C.; investi-
gation, J.-C.L., C.-W.P. and Z.-X.C.; resources, J.-C.L. and C.-W.P,; data curation, J.-C.L., C.-W.P. and
Z.-X.C.; original draft preparation, J.-C.L., C.-W.P. and Z.-X.C.; review and editing, ].-C.L. and C.-W.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Education (MOE) in Taiwan (DP2-108-21121-01-
0-05-04). DP2-109-21121-01-0-01-03, MOST-109-2918-1-038-002, Taipei Medical University -National
Taiwan University of Science and Technology Joint Research Program, TMU-NTUST-109-10, MOST-
109-2221-E-038 -013.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Micromachines 2021, 12, 371 13 of 15

Data Availability Statement: Not applicable.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

Junaid, B.; Rahul, N.D. Advancements in Radiofrequency Ablation of Cardiac Arrhythmias Open New Possibilities for Procedural
Safety. |. Innov. Card. Rhythm Manag. 2020, 11, 4293-4295.

Paul, C.Z; Kenneth, K.Q.; Paul, C.; Amit, T.; John, E; Chad, B.; Geraldine, O.R.; Mattheus, R.; Raman, M.; Tina, B. Safety and
Efficacy of Minimal- versus Zero-fluoroscopy Radiofrequency Catheter Ablation for Atrial Fibrillation: A Multicenter, Prospective
Study. J. Innov. Card. Rhythm Manag. 2020, 11, 4281-4291.

Smilowitz, N.R.; Mohananey, D.; Razzouk, L.; Weisz, G.; Slater, ].N. Impact and trends of intravascular imaging in diagnostic
coronary angiography and percutaneous coronary intervention in inpatients in the United States. Catheter. Cardiovasc. Interv.
2018, 92, E410-E415. [CrossRef] [PubMed]

Kim, J.-S.; Kang, T.-S.; Mintz, G.S.; Park, B.-E.; Shin, D.-H.; Kim, B.-K.; Ko, Y.-G.; Choi, D.; Jang, Y.; Hong, M.-K. Randomized
Comparison of Clinical Outcomes Between Intravascular Ultrasound and Angiography-Guided Drug-Eluting Stent Implantation
for Long Coronary Artery Stenoses. JACC Cardiovasc. Interv. 2013, 6, 369-376. [CrossRef]

Ali, Z.; Maehara, A.; Généreux, P.; Shlofmitz, R.; Fabbiocchi, F; Nazif, TM.; Guagliumi, G.; Meraj, PM.; Alfonso, F;
Samady, H.; et al. Optical coherence tomography compared with intravascular ultrasound and with angiography to guide
coronary stent implantation ILUMIEN III: OPTIMIZE PCI): A randomised controlled trial. Lancet 2016, 388, 2618-2628.
[CrossRef]

Dattilo, P.B.; Prasad, A.; Honeycutt, E.; Wang, T.Y.; Messenger, ].C. Contemporary patterns of fractional flow reserve and
intravascular ultrasound use among patients undergoing percutaneous coronary intervention in the United States: Insights from
the National Cardiovascular Data Registry. |. Am. Coll. Cardiol. 2012, 60, 2337-2339. [CrossRef] [PubMed]

Von Birgelen, C.; Erbel, R.; Di Mario, C.; Li, W.; Prati, F; Ge, ].; Bruining, N.; Gorge, G.; Slager, C.].; Serruys, P.W. Three-dimensional
reconstruction of coronary arteries with intravascular ultrasound. Herz 1995, 20, 277-289.

Weichert, E; Miiller, H.; Quast, U.; Kraushaar, A.; Spilles, P.; Heintz, M.; Wilke, C.; Von Birgelen, C.; Erbel, R.; Wegener, D.
Virtual 3D IVUS vessel model for intravascular brachytherapy planning. I. 3D segmentation, reconstruction, and visualization of
coronary artery architecture and orientation. Med. Phys. 2003, 30, 2530-2536. [CrossRef] [PubMed]

Nadkarni, S.K.; Boughner, D.; Fenster, A. Image-based cardiac gating for three-dimensional intravascular ultrasound imaging.
Ultrasound Med. Biol. 2005, 31, 53-63. [CrossRef] [PubMed]

Von Birgelen, C.; Di Mario, C.; Reimers, B.; Prati, F; Bruining, N.; Gil, R.; Serruys, PW.; Roelandt, J.R. Three-dimensional
intracoronary ultrasound imaging. Methodology and clinical relevance for the assessment of coronary arteries and bypass grafts.
J. Cardiovasc. Surg. 1996, 37, 129-139.

Choi, YM.; Lee, Y.L.; Lim, E.S.; Trimzi, M.A.; Hwangbo, S.A.; Ham, Y.B. Performance Improvement of Ring-Type PZT Ceramics
for Ultrasonic Dispersion System. Micromachines 2020, 11, 144. [CrossRef] [PubMed]

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

Roshanghias, A.; Dreissigacker, M.; Scherf, C.; Bretthauer, C.; Rauter, L.; Zikulnig, J.; Braun, T.; Becker, K.E; Rzepka, S.; Schneider-
Ramelow, M. On the Feasibility of Fan-Out Wafer-Level Packaging of Capacitive Micromachined Ultrasound MEMS-transducers
(CMUT) by Using Inkjet-Printed Redistribution Layers. Micromachines 2020, 11, 564. [CrossRef] [PubMed]

Li, D.; Fei, C.; Zhang, Q.; Li, Y.; Yang, Y.; Zhou, Q. Ultrahigh Frequency Ultrasonic MEMS-transducers Design with Low Noise
Amplifier Integrated Circuit. Micromachines 2018, 9, 515. [CrossRef] [PubMed]

Du, Y.-C,; Shih, ].-B.; Wu, M.-].; Chiou, C.-Y. Development of an AVF Stenosis Assessment Tool for Hemodialysis Patients Using
Robotic Ultrasound System. Micromachines 2018, 9, 51. [CrossRef] [PubMed]

Gonzdlez, I.; Andrés, R.R.; Pinto, A.; Carreras, P. Influence of Hydrodynamics and Hematocrit on Ultrasound-Induced Blood
Plasmapheresis. Micromachines 2020, 11, 751. [CrossRef]

Shi, A.; Huang, P.; Guo, S.; Zhao, L; Jia, Y.; Zong, Y.; Wan, M. Precise spatial control of cavitation erosion in a vessel phantom by
using an ultrasonic standing wave. Ultrason. Sonochem. 2016, 31, 163—-172. [CrossRef]

Chen, J.; Qiu, Q.; Han, Y,; Lau, D. Piezoelectric materials for sustainable building structures: Fundamentals and applications.
Renew. Sustain. Energy Rev. 2019, 101, 14-25. [CrossRef]

Chowdhury, A.-N.; Atobe, M.; Nonaka, T. Studies on solution and solution-cast film of polyaniline colloids prepared in the
absence and presence of ultrasonic irradiation. Ultrason. Sonochem. 2004, 11, 77-82. [CrossRef]

Heikkola, E.; Laitinen, M. Model-based optimization of ultrasonic transducers. Ultrason. Sonochem. 2005, 12, 53-57. [CrossRef]
Khokhlova, T.D.; Hwang, ].H. HIFU for palliative treatment of pancreatic cancer. J. Gastrointest. Oncol. 2011, 2, 175-184.
Kakkad, V.; Ferlauto, H.; Bradway, D.; Heyde, B.; Kisslo, J.; Trahey, G. Clinical feasibility of a noninvasive method to interrogate
myocardial function via strain and acoustic radiation force-derived stiffness. In Proceedings of the IEEE International Ultrasonics
Symposium (IUS), Washington, DC, USA, 6-9 September 2017; Volume 1, p. 1.

Loschak, PM.; Degirmenci, A.; Howe, R.D. Predictive filtering in motion compensation with steerable cardiac catheters. In Pro-
ceedings of the 2017 IEEE International Conference on Robotics and Automation (ICRA), Singapore, 29 May-3 June 2017;
pp- 4830-4836.


http://doi.org/10.1002/ccd.27673
http://www.ncbi.nlm.nih.gov/pubmed/30019831
http://doi.org/10.1016/j.jcin.2012.11.009
http://doi.org/10.1016/S0140-6736(16)31922-5
http://doi.org/10.1016/j.jacc.2012.08.990
http://www.ncbi.nlm.nih.gov/pubmed/23194945
http://doi.org/10.1118/1.1603964
http://www.ncbi.nlm.nih.gov/pubmed/14528975
http://doi.org/10.1016/j.ultrasmedbio.2004.08.025
http://www.ncbi.nlm.nih.gov/pubmed/15653231
http://doi.org/10.3390/mi11020144
http://www.ncbi.nlm.nih.gov/pubmed/32012857
http://doi.org/10.3390/mi11050524
http://www.ncbi.nlm.nih.gov/pubmed/32455674
http://doi.org/10.3390/mi11060564
http://www.ncbi.nlm.nih.gov/pubmed/32486457
http://doi.org/10.3390/mi9100515
http://www.ncbi.nlm.nih.gov/pubmed/30424448
http://doi.org/10.3390/mi9020051
http://www.ncbi.nlm.nih.gov/pubmed/30393327
http://doi.org/10.3390/mi11080751
http://doi.org/10.1016/j.ultsonch.2015.12.016
http://doi.org/10.1016/j.rser.2018.09.038
http://doi.org/10.1016/S1350-4177(03)00133-0
http://doi.org/10.1016/j.ultsonch.2004.05.009

Micromachines 2021, 12, 371 14 of 15

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Sumitomo, S.; Koizumi, H.; Uddin, A.; Kato, Y. Comparison of dispersion behavior of agglomerated particles in liquid between
ultrasonic irradiation and mechanical stirring. Ultrason. Sonochem. 2018, 40, 822-831. [CrossRef]

Breeuwer, R.; Blacquiere, G. Modeling, Modeling, monitoring and control of continuous wave ultrasonic systems. Ultrason. Sonochem.
2003, 10, 197-201. [CrossRef]

Skorb, E.V.; Moéhwald, H. Ultrasonic approach for surface nanostructuring. Ultrason. Sonochem. 2016, 29, 589—-603. [CrossRef]
[PubMed]

Ma, Q.; Davis, ].D.; Cheng, A.; Kim, Y.; Chirikjian, G.S.; Boctor, E.M. A new robotic ultrasound system for tracking a catheter with
an active piezoelectric element. In Proceedings of the 2016 IEEE/RS]J International Conference on Intelligent Robots and Systems
(IROS), Daejeon, Korea, 9-14 October 2016; pp. 2321-2328.

Bunting, E.; Papadacci, C.; Wan, E.; Grondin, ].; Konofagou, E. Intracardiac myocardial elastography for lesion quantification in
cardiac radio frequency ablation. In Proceedings of the 2016 IEEE International Ultrasonics Symposium (IUS), Tours, France,
19-21 September 2016.

Ono, Y.; Sekiguchi, K.; Sankoda, K.; Nii, S.; Namiki, N. Improved ultrasonic degradation of hydrophilic and hydrophobic
aldehydes in water by combined use of atomization and UV irradiation onto the mist surface. Ultrason. Sonochem. 2020, 60,
104766. [CrossRef] [PubMed]

Delouei, A.A.; Sajjadi, H.; Mohebbi, R.; Izadi, M. Experimental study on inlet turbulent flow under ultrasonic vibration: Pressure
drop and heat transfer enhancement. Ultrason. Sonochem. 2019, 51, 151-159. [CrossRef] [PubMed]

Zaghete, M. A ; Varela, ]J.A.; Cilense, M.; Paiva-Santos, C.O.; Las, W.C.; Longo, E. The effect of isostructural seeding on the
microstructure and piezoelectric properties of PZT ceramics. Ceram. Int. 1999, 25, 239-244. [CrossRef]

Koch, K.; Lippert, T.; Sabadini, N.H.; Drewes, J.E. Tube reactors as a novel ultrasonication system for trouble-free treatment of
sludges. Ultrason. Sonochem. 2017, 37, 464—470. [CrossRef]

Wu, X.; Housden, J.; Ma, Y.; Razavi, B.; Rhode, K.; Rueckert, D. Fast Catheter Segmentation From Echocardiographic Se-
quences Based on Segmentation From Corresponding X-ray Fluoroscopy for Cardiac Catheterization Interventions. IEEE Trans.
Med. Imaging 2014, 34, 861-876. [CrossRef]

Greillier, P; Ankou, B.; Bessiere, F.; Zorgani, A.; Marquet, F.; Magat, ].; Melot-Dusseau, S.; Lacoste, R.; Quesson, B.; Pernot, M.; et al.
Notice of Removal: Transoesophageal HIFU for cardiac ablation: Experiments on beating hearts. In Proceedings of the 2017 IEEE
International Ultrasonics Symposium (IUS), Washington, DC, USA, 6-9 September 2017; Volume 1, p. 1.

Stephens, D.N.; Foiret, ].; Lucero, S.; Ferrara, K.W.; Shivkumar, K.; Khuri-Yakub, P. HIFU power network optimization for
catheter based cardiac interventions. In Proceedings of the 2016 IEEE International Ultrasonics Symposium (IUS), Tours, France,
19-21 September 2016; Volume 1, pp. 1-4.

Wildes, D.; Lee, W.; Haider, B.; Cogan, S.; Sundaresan, K.; Mills, D.M.; Yetter, C.; Hart, PH.; Haun, C.R.; Concepcion, M.; et al.
4-D ICE: A 2-D Array Transducer with Integrated ASIC in a 10-Fr Catheter for Real-Time 3-D Intracardiac Echocardiography.
IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2016, 63, 2159-2173. [CrossRef]

Stephens, D.N.; Foiret, J.; Lucero, S.; Ferrara, K.W.; Shivkumar, K.; Khuri-Yakub, P. 10 MHz catheter-based annular array for
thermal strain guided intramural cardiac ablations. In Proceedings of the 2015 IEEE International Ultrasonics Symposium (IUS),
Taipei, Taiwan, 21-24 October 2015; Volume 1, pp. 1-4.

Degirmenci, A.; Loschak, PM.; Tschabrunn, C.M.; Anter, E.; Howe, R.D. Compensation for unconstrained catheter shaft motion
in cardiac catheters. In Proceedings of the 2016 IEEE International Conference on Robotics and Automation (ICRA), Stockholm,
Sweden, 1621 May 2016; Volume 2016, pp. 4436—4442.

Falk, V. Manual control and tracking—a human factor analysis relevant for beating heart surgery. Ann. Thorac. Surg. 2002, 74,
624-628. [CrossRef]

Kesner, S.B.; Howe, R.D. Robotic catheter cardiac ablation combining ultrasound guidance and force control. Int. ]. Robot. Res.
2014, 33, 631-644. [CrossRef]

Bailey, M.R.; Khokhlova, V.A.; Sapozhnikov, O.A.; Kargl, S.G.; Crum, L.A. Physical mechanisms of the therapeutic effect of
ultrasound (a review). Acoust. Phys. 2003, 49, 369-388. [CrossRef]

Cheung, A.Y.; Neyzari, A. Deep local hyperthermia for cancer therapy: External electromagnetic and ultrasound techniques.
Cancer Res. 1984, 44 (Suppl. 10), 4736s—4744s.

Matthias, A.O.; Carl, M.S.; Robert, L.; Daniel, B. Ultrasound-enhanced transdermal delivery: Recent advances and future
challenges. Ther. Deliv. 2014, 5, 843-857.

Sophie, H.; Alexander, L.K. Microbubbles in Ultrasound-Triggered Drug and Gene Delivery. Adv. Drug Deliv. Rev. 2008, 60,
1153-1166.

Tang, H.; Wang, C.C.J.; Blankschtein, D.; Langer, R. An investigation of the role of cavitation in low-frequency ultrasound-
mediated transdermal drug transport. Pharm. Res. 2002, 19, 1160-1169. [CrossRef] [PubMed]

Haar, G.R. Ter High Intensity Focused Ultrasound for the Treatment of Tumors. Echocardiography 2001, 18, 317-322. [CrossRef]
[PubMed]

Watson, B.; Friend, J.; Yeo, L. Piezoelectric ultrasonic micro/milli-scale actuators. Sens. Actuators A Phys. 2009, 152, 219-233.
[CrossRef]

Zhen, Q.; Wibool, P. New Endoscopic Imaging Technology Based on MEMS Sensors and Actuators. Micromachines 2017, 8, 210.
[CrossRef]


http://doi.org/10.1016/j.ultsonch.2017.08.023
http://doi.org/10.1016/S1350-4177(03)00107-X
http://doi.org/10.1016/j.ultsonch.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26382299
http://doi.org/10.1016/j.ultsonch.2019.104766
http://www.ncbi.nlm.nih.gov/pubmed/31539724
http://doi.org/10.1016/j.ultsonch.2018.10.032
http://www.ncbi.nlm.nih.gov/pubmed/30389406
http://doi.org/10.1016/S0272-8842(98)00029-7
http://doi.org/10.1016/j.ultsonch.2017.02.005
http://doi.org/10.1109/TMI.2014.2360988
http://doi.org/10.1109/TUFFC.2016.2615602
http://doi.org/10.1016/S0003-4975(02)03457-4
http://doi.org/10.1177/0278364913511350
http://doi.org/10.1134/1.1591291
http://doi.org/10.1023/A:1019898109793
http://www.ncbi.nlm.nih.gov/pubmed/12240942
http://doi.org/10.1046/j.1540-8175.2001.00317.x
http://www.ncbi.nlm.nih.gov/pubmed/11415504
http://doi.org/10.1016/j.sna.2009.04.001
http://doi.org/10.3390/mi8070210

Micromachines 2021, 12, 371 15 of 15

49.

50.

51.

52.

Qiu, Y.; Gigliotti, ].V.; Wallace, M.; Griggio, F.; DeMore, C.E.M.; Cochran, S.; Trolier-McKinstry, S. Piezoelectric Micromachined
Ultrasound Transducer (PMUT) Arrays for Integrated Sensing, Actuation and Imaging. Sensors 2015, 15, 8020-8041. [CrossRef]
[PubMed]

Han, Y;; Hou, G.Y.,; Wang, S.; E Konofagou, E. High intensity focused ultrasound (HIFU) focal spot localization using harmonic
motion imaging (HMI). Phys. Med. Biol. 2015, 60, 5911-5924. [CrossRef] [PubMed]

Kuroda, K. MR techniques for guiding high-intensity focused ultrasound (HIFU) treatments. ]. Magn. Reson. Imaging 2018, 47,
316-331. [CrossRef] [PubMed]

Kim, H; Jo, G.; Chang, ].H. Ultrasound-assisted photothermal therapy and real-time treatment monitoring. Biomed. Opt. Express
2018, 9, 4472-4480. [CrossRef] [PubMed]


http://doi.org/10.3390/s150408020
http://www.ncbi.nlm.nih.gov/pubmed/25855038
http://doi.org/10.1088/0031-9155/60/15/5911
http://www.ncbi.nlm.nih.gov/pubmed/26184846
http://doi.org/10.1002/jmri.25770
http://www.ncbi.nlm.nih.gov/pubmed/28580706
http://doi.org/10.1364/BOE.9.004472
http://www.ncbi.nlm.nih.gov/pubmed/30615724

	Introduction 
	Framework of the Ultrasound Ablation System 
	Mechanism of Ultrasound Introduction 
	Ultrasound Heating 
	Mechanical Effect 
	Convective Transport or Streaming 
	Cavitation Effect 


	Experiment and Results 
	Channel A Circular MEMS-Transducer 
	16-Channel Circular MEMS-Transducer Array 

	Discussion 
	Conclusions 
	References

