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ABSTRACT

Over the years, ferroelectric materials have been used in a wide variety of applications in the health care
field in applications such as thermal therapy, medical imaging and lithotripsy, just to mention some of
them. One technical barrier in the transducer industry is that the refocusing or redirection properties of
an ultrasound beam depends primarily on the “classical” solution of using a large number of independent
transducer elements. High-density ultrasound transducer arrays often imply complexity from the
electrical driving circuitry, mechanical constraints caused by the ultrasound probe size, and the need to

handle heating of the device; all of which translates into high fabrication costs.

Commonly used ultrasound transducers are driven by applying an electric field along the poling axis to
maximize their mechanical response. More efficient operation of ultrasound transducers translates into
less power consumption to obtain the desired effect and less heating into the system. This work is based
on an emerging technique called biaxial driving that offers and enhancement of the mechanical response
of an ultrasound transducer by using two phase-offset orthogonal electrical fields on the propagation and
lateral directions. In addition to the efficiency enhancement, we hypothesize that the biaxial driving
technique produces an added vibration mode due tothe application of the second electric field, which will
allow a controlled acoustic pressure redistribution that can be exploited to produce a refocusing or
steering of the ultrasound beam with a single element, or an array where fewer elements than

conventional transducer arrays are needed.

The objective of this research work is to demonstrate with numerical and experimental work that
controlled steering of the ultrasound beam can be achieved by the application of a biaxial driving in single-
element ferroelectric transducers. A finite element analysis has been carried out to simulate and calculate
the efficiency and the acoustic field response on different ferroelectric materials biaxially driven. Different
transducer shapes and parameters have been tested, demonstrating a change in the efficiency and the
steering of the acoustic field using a single-element transducer. Experimental validation was performed
for the specific case of the lead zirconate titanate material, using prismatic and ring geometries for the
transducers. We demonstrated for the first time the steering capabilities for single-element ultrasound
transducers through our simulation and experimental work. Steering angles up to 30° were reached from
our experimental validations for the single-element prismatic transducers while using the biaxial driving
technique. It was also demonstrated that a controlled refocusing from 4.5 mm to 9 mm is possible for

single-element ring shaped transducers while applying the two orthogonal electric driving signals.



In addition to the acoustic efficiency, we also proved that there was an improved response on the axial
resolution and the signal-to-noise ratio on a simple ultrasound imaging device. The biaxial driving method
has the potential to improve the focusing of phased arrays and open new opportunities for the use of

single-element devices that can take advantage of the control of the ultrasound beam directivity.
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SiEjkl Compliance coefficient (constant electric field)
t Time
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Curie Temperature

T; Stress
T, Transmission coefficient
tano Dielectric dissipation factor
u Particle velocity
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Up Free-energy density (Landau-Devonshire)
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Wy Acoustic power
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Wg Effective electric power
Wy Mechanical work
Y, Fluid admittance
Az Deflection
Z Impedance (acoustic or electric as specified)
a Attenuation coefficient
B Boundary absorption coefficient
Bo Compressibility of the medium
Y Steering angle produced by a biaxial transducer
o) Particle displacement
efj Dielectric constant (constant strain)
n Acoustic efficiency
0 Reflection angle
0 Angle between acoustic beam and blood vesseld
b axis
A Wavelength
Us Average of a signal
$ij Strain
p Density
On Standard deviation of the noise
T Time constant
Phase difference between the propagation and
¢ lateral electrodes of a biaxial transducer
y Centroid for conventional or biaxial acoustic field
w Angular frequency
[B] Strain-displacement matrix
[C] Damping matrix
[Cr] Fluid damping matrix
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{Fr} Fluid pressure load
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™ Thermo-piezoelectric load vector

[K] Structure stiffness matrix
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[Kf] Fluid stiffness matrix

[K7] Piezoelectric coupling matrix

{L} Gradient operator V()

{L}" Divergence operator V- ( )

[M] Mass matrix

[Mf] Fluid mass matrix

{n} Normal to the surface

{N} Element shape function for pressure

(N} Element shape function for displacement
{u} Nodal degree of freedom
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Ferroelectric materials are used in a wide range of applications, such as energy storage, tunable
capacitors, non-volatile memory devices, sensors, and actuators[1]. In the medical field, ferroelectric
materials are often employed as ultrasound transducers in applications such as imaging[2], ablation
therapy[3], and lithotripsy treatments[4]. The conventionally desired characteristics for medical
ultrasound transducers include a high thickness mode coupling coefficient, which is related to the
conversion of electrical energy to mechanical energy (and vice versa), low planar mode coupling

coefficient, low acoustic impedance, high dielectric constant and small dissipation factor[5].

Ultrasound transducers convert an electric driving signal into ultrasound waves, or the incident ultrasound
waves into an electric signal. The rate of conversion from one form of energy to another is called
efficiency. Ferroelectric materials do not have a 100% efficiency conversion, so part of the energy
delivered to the transducer is converted into other forms of energy, mainly heat. The heat generation that
occurs within the ferroelectric material depends on the material dielectric and elastic losses and the
acoustic impedance, frequency, amplitude and duty-cycle of the driving voltage[6]-[9]. This self-heating
produces a reduction in the transducer's acoustic power response[6], [10] and hence a reduced efficiency.
The heat generation issue is more critical when bigger size piezoceramics or high power ultrasound
therapy applications such as the high intensity focused ultrasound (HIFU) are considered, due to the fact
that the efficiency deteriorates when higher driving powers are applied[11] which in addition produce
more heating that translates into a higher efficiency reduction. This heat generation can depolarize the
ferroelectric material if it reaches a temperature value close to its Curie temperature[10], which
corresponds to the value at which a ferroelectric material changes its ferroelectric phase into a

paraelectric phase and hence loses its ferroelectrical properties.

Ultrasound imaging transducers can present problems with heat generation due to the fact that their
efficiency ranges from 20% to 70%, which can produce increments of temperature up to 60%[12] The IEC
standard 60601-2-37:2007 states that for ultrasound transducers used in humans, its increment in
temperature should not be higher than 6 °C for endocavitary applications, 10 °C for external use and 27
°C while used in air[13]-[15]. A second disadvantage related to low-efficiency transducer is that the

applied driving peak voltage needs to remain lower than the polarized voltage used to produce the
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ferroelectric material[10], or it will lose its respective spontaneous polarization in that direction, which
limits the maximum acoustic power that a transducer can deliver. The application of a cooling system
inside the ultrasound transducer can reduce the produced heat, and an electrical direct current bias can
help the peak voltage problem, but increasing the overall efficiency helps to solve both issues. In
therapeutic devices using ultrasound, such as high intensity focused ultrasound, it is expected that a
cooling system will be used to protect both, the transducer and the tissue that may be in proximity to the
transducer[16]-[18], because the transducer is generating heat due the fact that is being driven in

continuous mode during many seconds .

For imaging applications, lower efficiencies and hence heat generation lead to a reduced sensitivity[19]
while detecting the reflected echoes in receive mode, producing a low signal-to-noise ratio (SNR). For
ultrasound imaging, good contrast and resolution with increasing penetration depth is highly desired.
Tissue attenuation causes the backscattered signal power to diminish its amplitude as depth
increases[20]; the signal reaches a point where the produced echo signal power is so low that the
transducer's sensitivity does not allow an image to be reconstructed anymore. Since the amount of power
that a transducer probe can handle is limited for safety concerns, and the received signal is in the range
of the milivolts or lower[21], good quality imaging reconstructions of deep regions are remarkably
difficult. Decreasing the transmission frequency provides an increase in penetration but at the expense of
reducing the lateral and axial resolution, which means that objects that are close to each other might not

be recognized anymore.

1.1.1 Improving Efficiency of Transducers Using the Biaxial Driving Method

The piezoelectric, dielectric, and ferroelectric properties of ferroelectric ceramics can be enhanced by
optimizing their calcination or sintering processes[22]—[24] or by adding doping materials such as Ce, A,
MgZr, and MnO;[25]-[28]. The energy conversion within a ferroelectric material can also be improved by
using one emerging technique called biaxial driving[29], [30]. This technique relies on the reduction of the
coercivity and consequently decreasing energy dissipation during operation. This reduction in coercivity
is achieved by applying two orthogonal electrical fields with a phase offset. Two sets of electrodes are
placed on the ferroelectric material to produce two orthogonal electrical fields; the first set (propagation
or P-electrode) is attached to faces perpendicular to the poling axis while the second set (lateral or L-
electrodes) is attached to faces parallel or lateral to the poling axis. Both sets of electric signals should
have the same driving frequency[30]; otherwise, the efficiency response would be reduced; it has been

shown that efficiency follows a sinusoidal response as a function of the phase between the electrical
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fields[30]. When the right phase is applied, higher efficiencies can be achieved with biaxial driving than

with conventional monoaxial driving[30].

This increment in efficiency allows one to take advantage of a maximum amount of energy conversion for
an ultrasound probe, which results in improving the receiving sensitivity and allows to properly detect the
low amplitude ultrasound echo from deeper zones within the tissue, without having to reduce the
frequency and therefore have a loss of axial or lateral resolutiont. For therapeutic applications, higher
efficiencies can potentially translate into less energy required to produce the desired effect (cavitation,
ablation, etc.) without generating a significant amount of heat on the transducer that could damage the

transducer, the patient or require treatment times to be longer.

Lead Zirconate Titanate (PZT) transducers are the most widely used worldwide because of their high
electromechanical coupling factor, and the fact that the piezoelectric properties can be enhanced easily
by chemical modifications[31], [32]. However, the production of lead-based ceramics cause
environmental problems due to the toxicity of lead and the volatility of PbO during production[33]. The
biaxial driving method increased efficiency results while driving PZT ceramics[30] suggest that other
materials like BaTiO3, LINbO3; or KNN-based piezoceramics could be an interesting alternative to achieve

similarly high efficiency with a less toxic material.

1.2 Hypotheses on New Applications of the Biaxial Driving Method

In prismatic-shaped ferroelectric materials poled along the thickness axis, an extensional deformation is
expected along the length[34] when an electric field is applied along the poling direction at its resonance
frequency (f,-). The application of an electric field orthogonal to the poling axis to such materials produces
a thickness-shear deformation[35]. | hypothesize that along with the coercive field and polarization
changes produced by biaxial driving[29], [30], the interaction between the orthogonal electric fields
applied on the ferroelectric material would produce a combination of extensional and shear deformations
as a function of the applied phase difference, ¢, between the propagation and lateral electric fields; this,
in turn, translates into controlled steering of the acoustic beam. A representation of the vibration mode

for the propagation, lateral and biaxial mode is shown in Fig. 1.1.
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Fig. 1. 1. Simulation of the vibration modes for propagation (A), lateral (B) and biaxial mode (C) of a prismatic shaped PZT
transducer poled along the thickness direction. Biaxial mode is testing a phase value of 0°.

Furthermore, | hypothesize that the intensity of the lateral electric field affects the acoustic efficiency
response[36] suggesting that the power applied to the lateral electrical field should be reduced to achieve

maximum efficiency.

In this study, we investigated the feasibility of producing ultrasound beam steering with a single-element
transducer using the biaxial driving technique and its potential applications. We conducted simulations
using finite element analysis (FEA) and experimental validation to establish and verify the driving

conditions for steering single-element biaxial transducers.

Also, we applied the biaxial driving technique to an ultrasound imaging probe to register the acoustic field
effects produced by this driving method and prove that the increase in efficiency translated into improved

sensitivity and therefore better signal-to-noise ratio.
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CHAPTER 2: OBJECTIVES AND MOTIVATION

2.1 Main Objective

The main objective of the present work is to demonstrate with simulations based on the finite element
method and experimental validations that, in addition to the acoustic efficiency enhancement[30], the
application of the biaxial driving technique on single-element ultrasound transducers produces a
directional controlled acoustic beam while using a prismatic shaped ferroelectric material and an
enhanced focusing for transducers with a ring shaped ferroelectric material. Different materials, and
parameters were tested to establish the best driving conditions to achieve steering for biaxial transducers.
Along with the steering and refocusing properties, we aim to demonstrate how the biaxial method can be

applied to improve the performance of imaging applications of ultrasound.

2.2 Specific objectives

To achieve the main objective of this work we conducted simulations, experimental validations and
application studies, as follows:

2.2.1 Numerical simulation of the biaxial driving on different ferroelectric materials

» FEA modelling of biaxially driven single-element ultrasound transducers made of PZT, LiNbO,
and BaTiO; with a prismatic shape.

» FEA modelling of biaxially driven ring-shaped single-element ultrasound transducers made of PZT.

» Characterization of the impedance, efficiency response and acoustic pressure distribution
produced by a biaxial excitation as a function of the difference in phase and power applied on the
lateral electrode.

» Comparison of the conventional and biaxial driving response for the efficiency and acoustic

pressure distribution.

2.2.2 Experimental validation of prismatic-shaped single-element biaxial transducer
» Design and construction of a set of single-element PZT biaxial transducers with a prismatic shape
and a set of conventional transducers with the same geometry.
» Characterization of the acoustic pressure and efficiency of conventional and biaxial transducers
at the propagation resonance frequency by using conventional and biaxial driving while testing
different phases and powers on the lateral electrode.

» Comparison with the FEA model results.

2.2.3 Ring-shaped single-element biaxial transducer application

» Design and construction of a set of single-element PZT biaxial transducers with a ring shape.
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>

Characterization of the acoustic pressure and efficiency of ring biaxial transducers by using
conventional and biaxial driving while testing different phases and powers on the lateral
electrode.

Comparison with the FEA model results.

2.2.4 Biaxial ultrasound imaging probe

>
>

>

Construction of a 4-elements array with biaxial configuration for ultrasound imaging.

Design of an ultrasound imaging algorithm to drive the biaxial ultrasound imaging probe with the
Verasonics Vantage system.

Characterization of the acoustic pressure of the imaging probe at the propagation mode
resonance frequency while applying a phase variation on the lateral electrodes.
Characterization of the acoustic pressure of the imaging probe at the propagation mode
resonance frequency with the while applying a power variation on the lateral electrodes.
Application of the biaxial driving technique on reception mode.

Imaging formation using different combinations of excitation at propagation only (P-), lateral only
(L-) and combined propagation and lateral (P+L) modes on transmission and reception

Evaluation of the axial resolution and signal to noise ratio (SNR) on formed images.

2.3 Significance and Motivation

For therapy applications of ultrasound, the outcome of this work can have a significant impact. For

applications in pre-clinical research in neurosciences, improvements in focusing and directivity of the

controlled acoustic field can be used to treat highly localized targets within the brain of murine models.

For the imaging applications, the axial resolution and sensitivity can be improved, which can lead to

enhancing diagnostic capabilities for ultrasound imaging.

2.4 Organization of the thesis

The thesis is organized in 7 chapters covering the fundamental theory of ultrasound waves and ultrasound
transducer technology, the validation and the application of the emerging technique called biaxial driving
through finite element simulations and experimental validations.

>

Chapter 1 & 2 give an introduction to the research work and include the objectives and
motivation.
Chapter 3 provides a review of the required background describing the generation and

propagation of ultrasound waves and its application in the medical field as therapy or imaging.
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Chapter 4 includes the theoretical basis describing the biaxial driving technique and the modelling
tools used to represent the biaxial transducer response.

In chapter 5 the simulation and experimental validation for different single-element transducer
configurations using the biaxial driving technique are presented. The study includes a ring and a
prismatic shaped single-element biaxial transducer with an analysis of the acoustic and efficiency
and the steering response through the variation of different parameters.

Chapter 6 presents the experimental application of biaxial driving to a 3-element ultrasound
imaging probe. It includes the analysis of resolution and signal-to-noise ratio improvement when
using biaxial driving.

Finally, Chapter 7 provides the conclusions and discussion.
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CHAPTER 3: BACKGROUND

3.1 Ultrasound

Sound is a phenomenon that involves the propagation of a mechanical wave through an elastic medium,
which can be in the liquid, solid or gaseous state[37], by the motion of particles within the medium.
According to the frequency of the sound wave, it is classified as infrasound when the frequency has values
lower than 20 Hz; audible sound when the frequency is in the range of 20 Hz and 20 kHz, which correspond
to the frequencies that human beings can hear; and ultrasound, which refers to an acoustic wave whose

frequency is above the 20 kHz. In acoustics, waves can be classified as follow:

» Longitudinal waves. They consist of alternated compressions and rarefactions along the
propagation direction in which the particles transmit the wave when moving back and forth from
their equilibrium position parallel to the movement axis of the wave[38]. The speed of
propagation is determined primarily by the elastic and stiffness properties of the medium,
resulting in a faster wave propagating within a stiff medium than in one that is highly elastic. With
the passage of the wave, there are changes in the particle displacement, velocity, density,
pressure, and temperature[20].

» Transverse waves. They consist of vibrations that are perpendicular to the direction of
propagation. In contrast to the changes in particle volume for longitudinal waves, no density
change occurs for transverse waves. The speed at which the transverse wave propagates is
approximate 50% of the longitudinal wave for the same material[37]. Transverse waves cannot
be propagated in liquids[20].

» Rayleigh waves. They consist of surface acoustic waves resulting from the coupling of longitudinal
and transverse waves. This wave propagation is produced at the boundary that separates a solid
from a rarefied medium such as the air[37]. Each particle moves in an elliptical orbit as the wave
passes through it, and the amplitude of that particle displacement decays rapidly as the distance

with the surface increases.

3.2 Characteristics of ultrasound

3.2.1 Frequency
The variables that can describe the propagation of a wave in time and space are frequency f (or

its inverse, the period T = f~1, and wavelength A given by
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A===(T, (3.2)

o

where c is the speed of sound[39].

3.2.2 Acoustic impedance

The acoustic impedance Z of a medium is a parameter that represents the relation between the
resistances of the particles of a medium and the mechanical vibrations. This resistance is increased
proportionally to the density and the speed of sound in the medium. The acoustic impedance can be
defined as the product of the density of the medium (lossless) and the propagation velocity of the

ultrasound in it. This relationship can be described with

Z = pc, (3.2)

where Zis the impedance of the medium, p is the mass density of the medium, and c is the speed of sound

—2.-1

in the medium[40]. The acoustic impedance has the rayl as a unit, which is equal to kg - m™*s

3.2.3 Acoustic intensity

The amount of power transported through an area perpendicular to the acoustic beam can be
characterized by the acoustic intensity I, which is defined as the energy transmitted per unit of time and
per unit of area in the direction normal to the considered area[39]. The time-averaged acoustic intensity

of a continuous wave is related to the pressure amplitude p in the medium as

I=p*Q2pc)~! (3.3)

In the field of medical ultrasound, I is measured in W-cm™.

3.2.4 Attenuation

When an acoustic wave travels through a medium, part of its mechanical energy is converted into other
types of energy (mostly heat) so that its intensity gets reduced the farther it goes; this effect is called
attenuation[41]. In general, overall ultrasound attenuation is characterized by the following exponential
decay of the pressure amplitude p and of the amplitude of the acoustic intensity I with the traveling

distance d [39]

p = poe”*? (3.4)

[ =Ie2%d (3.5)
Where pg and I, are the pressure and intensity at d = 0 and « is the pressure frequency-dependent

attenuation coefficient. An acoustic wave can be attenuated by different mechanisms, including the
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following: absorption, which is the process where the energy of the ultrasonic beam is transferred to the
propagation medium and converted into other types of energy (heat, chemical energy, light)[40]; and
scattering due to changes of the acoustic impedance. Attenuation increases with frequency in biological
tissues, and the attenuation coefficient of most tissues increases approximately linearly with frequency.

Table 3.1 shows an example of attenuation values for biological tissue.

Table 3. 1 Attenuation values for some human tissues[41]

TISSUE  ATTENUATION (dB cm~1MHz™1)

LIVER 0.399
BRAIN 0.435
MusCLE 0.57

BLooD 0.15
WATER 0.02

BONE 22

3.2.5 Specular Reflection and refraction

Reflection and refraction occur at the boundary between media with different acoustic impedances or
different speeds of sounds[39]. If we consider a sound wave that strikes on a surface (interface between
two media), part of the energy is reflected (echo) depending on the characteristics of the surface and the
adjoining substance. The rest of the wave that was not reflected passes through the interface separating
two media with different ¢ or Z[42] and changes its propagation direction. There are two important
interfaces to consider: The fluid-fluid interfaces, which are often associated to the discontinuity between

two soft tissues and the fluid-solid interfaces, such as the boundary between soft tissues and bone[39].

3.2.5.1 Fluid-fluid interface

When a plane acoustic wave impinges on a smooth interface, reflected and transmitted longitudinal
waves (only longitudinal) can be generated. According to Snell’s law, the reflection angle 6, is equal to
the angle of the incident wave, and the transmitted wave is refracted away from the direction of the

incident wave with an angle 8, given by[39]

sinf; _sin6, (3.6)

)

€1 C2
where c is the speed of sound for each medium. The ratio of the reflected acoustic pressure is called

reflection coefficient 7., and for a normal incidence it can be calculated as
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© Zi+Zy

where Z,, is the impedance of each n-medium([39]. the ratio of the transmitted to the incident acoustic
amplitude is called amplitude transmission coefficient T7, and is given by:

27, (3.8)

Tr. =
=7 v 7,

The intensity reflection (Iz) and transmission (I) coefficients are defined in a similar way as

. <Z1 —Zz)z (3.9)
R=\z, + 7,

1= a2 (3.10)
"7 (2 + 2,)?

3.2.5.2 Fluid-solid interface

At normal incidence, (3.7) and (3.8) represents the ideal case to determine the reflected and
transmitted energies. For oblique incidence, the refracted longitudinal wave is partially converted into a
shear wave, and two refracted beams are produced. For oblique incidence, the Snell’s law can be

generalized to[39]

sinf;  sinf,;,  sinb, (3.11)

’

1 CaL C2s

where 2L and 2S5 refers to the refracted longitudinal and shear waves in the solid medium. Fig. 3.1 shows

the fluid-fluid and fluid-solid interfaces interaction with an ultrasound beam.
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Fig. 3. 1. Reflection and refraction of an ultrasound beam for a medium. (a) fluid-fluid interfaces and (b) a fluid-solid
interface[39].

3.2.6 Scattering

When an ultrasound beam impinges into an interface with an inhomogeneous shape, and its dimensions
are smaller than the wavelength of the ultrasound beam, the incident beam is reflected in many directions
called scattered waves[43]. The scattered intensity from soft tissues is generally smaller than the specular
reflected intensity from organ boundaries. In soft tissue, the density and compressibility of scatters are
close to those of the surrounding medium. Thus, the contribution of scattering to attenuation is relatively

small. In the MHz range of frequencies, attenuation due to scattering is in the range of 10-15% of the total

attenuation[43].

3.3 Piezoelectricity

The most widespread method to generate an ultrasound wave is by the application of the piezoelectric
effect, which relies on the application of an electric signal into a special crystal or polycrystalline structure
to produce a mechanical deformation. A crystal can be defined as “a special arrangement of atoms that
repeats itself periodically in three dimensions” [35] and which smallest repeating unit is called the unit
cell. This unit cell can be described by referring the atoms as the intersection points of a three-dimensional
network of lines called space lattice. The size and shape of the lattice are described by the axial length
vectors g, b and c and its respective interaxial angle «, § and y. A crystal structure with its respective unit

cell are represented in Fig. 3.2.
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A)

Fig. 3. 2. Representation of a crystalline solid (A) with its respective unit cell (B).

Most piezoelectric materials are crystalline solids that can be single crystals or polycrystalline materials
like ferroelectric ceramics[35]. During the natural growth of some crystals, the planes of the highest
atomic density have a propensity to form the external faces[35]. The relationship between these faces
produces a symmetry that forms the basis of the classification of the crystals into 32 conventional
symmetry classes known as point groups. Those 32-point groups can also be regrouped into seven
different sets, each having one common symmetry element[44], which are known as the seven crystal
systems. Table 3.2 describes the seven crystal systems and their corresponding relation between its lattice

angles (a, 8,v) and vectors (a, b, c) for the unit cell.

Table 3. 2 Seven crystal systems[44]

Relation between Relation between
Crystal System a,bandc a,fandy
Triclinic azb=zc azfzy
Monoclinic azb#c a=y=90°%=%f
Orthorhombic azbzc a=B=y=90°
Rhombohedral a=b=c a=B=y=#90°
Tetragonal a=b#c a=B=y=90°
Hexagonal a=b#c a=[F=90°y=120°
Cubic a=b=c a=B=y=90°

In 1880 the Curie brothers (Pierre and Jaques)[45] discovered that when certain classes of crystals are
compressed or stretched, an electrical charge will appear on their surfaces. This process is called the
piezoelectric effect[39]. When the crystal is mechanically strained or deformed, electrical charges appear
on the surface. When the direction of the deformation reverses, the polarity of the electrical charge is

reversed too. Less than a year later, Lippman[46] predicted the inverse piezoelectric effect, in which an
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applied electric field resulted in a change in crystal dimensions, an effect that was verified shortly
thereafter by the Curie brothers. As the direct piezoelectric effect does, if the electric field applied to a

crystal is reversed, the resulting strain is reversed too. Fig. 3.3 represents the piezoelectric effect.

Tension

I Compression

I
1

(a) (b)

Fig. 3. 3. Representation of the piezoelectric effect. (a) direct and (b) inverse[47].
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3.3.1 Piezoelectric constitutive equations

When a small electric field/mechanical stress is applied to a piezoelectric material, it presents a linear
profile. However, they may show a non-linear response if a high electrical field or mechanical stress is
applied[48]. The purpose of this section is to describe the electromechanical properties of piezoelectric
materials by assuming a linear behaviour[35] and that the total strain on the material is the sum of the
mechanical strain induced by the mechanical stress and the controllable actuation strain caused by the
applied electric voltage[48]. The representation of a piezoelectric material used for ultrasound generation

is shown on Fig. 3.4, with the X, Y and Z axis represented by the number 1, 2 and 3 respectively

7(3) Piezoelectric

S
¥(2) S
A
X(1) I ' ] {(\\0 Electrodes

Polarization Axis t

Fig. 3. 4. Piezoelectric material with electrodes attached. The polarization axis is oriented at the thickness or Z(3) direction.[48]

The conservation of energy for a linear piezoelectric medium can be represented[48] with the first law of
thermodynamics as
au, 0¢;j aD; (3.12)

L . T
at Yot + Lot

where U, represents the stored energy in the piezoelectric medium, Tj; is the stress component, fij is the

strain component E; is the electric field component, D; is the electric displacement component, t is the
timeand i,j = 1,2,3 refers to the material coordinate system [35]. The electric enthalpy H can be defined

by
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H = Ue - EiDi (313)
by differentiating (3.13) with respect to time
oH dU, dD; OE; (3.14)
at ot ‘ot ot

and substituting in (3.12) we obtain

oH 9&;  OE, (3.15)

o =T Digy

that implies
H = H(§,E). (3.16)
Differentiating (3.16) with respect to time we get

OH  0H 0§; 0H OE; (3.17)
ot 0&; ot  OE; ot

OH \ 0¢;; JH\ OE; (3.18)
Tij — = ——<Di+ ) =0
d¢;;) ot JE;/ ot
. 0¢ij 0E; .
Because (3.18) must hold for arbitrary[49] o0 and —; Wecan obtain
T — OH (3.19)
o 0g;
0H (3.20)
D; = —
¢ JE;
A proposed[35], [49] homogeneous quadratic form for H
1 1 3.21
H= chjszijsz —exijEidjn — ngjEiEj 3.21)

where i,,k,1 =1,2,3, cfjkl = cfjlk = cﬁkl = c,fli]- is the elastic stiffness constant (Nm™2) and ejjr and

3
&

represent the piezoelectric (Cm~2) and dielectric constant (Fm™1), respectively.
By differentiating (3.21) with respect to &;; and substituting the (3.19)
Tij = i — €rijEx (3.22)

which can be written in terms of the strain &;;

27



§ij = ST + diijEx (3.23)

. 1, . . - . . . -
with SE,, = —— is the matrix of compliance coefficients and d;; is the piezoelectric constant (mV~1).
ijkl C'E'kl kij

ij

Also, if we differentiate (3.21) with respect to E; and substituting (3.20) we get

D; = ey + Ekak (3.24)

which can be written as

D; = di T + €l Ex (3.25)
(3.22 —3.25) describe the electromechanical equations for a linear piezoelectric material. (3.22) and (3.23)

express the inverse piezoelectric effect while (3.24) and (3.25) the direct piezoelectric effect[48].

The material coefficients matrices for a particular symmetry needs to be considered[49] to determine the
solution of piezoelectric vibration problems. For this reason, the compressed matrix notation turns out to

be more useful than the extended tensor notation[48].

For the equation that describes the inverse piezoelectric effect (3.23), the strain components ¢;; are
usually a symmetric second-rank tensor[35] which lead to have §;; = &j; = &, allowing dy;; = dyj; =
dyy. If only pure stresses (i.e., no body torques) are considered[35], then Ty; = T}, = T,,, and because
SEi = Stk = Sfiry = Skyij the compliance matrix can be written as Sfy, resulting in the compressed

matrix form of the inverse piezoelectric effect
én =SE T +dinEx (k=1-3;n,m=1-6) (3.26)
For the equation that describes the direct piezoelectric effect (3.25), if only pure stresses (absence of body

torques) are considered[35], then Ty; = T, = Ty, allows the piezoelectric constant d;i; = djjx = do,

which can transform (3.25) as

D; =dimTm + eHEx (bk=1-3; m=1-6) (3.27)

Eq. 3.26 (with dytransposed) and 3.27 can be written, respectively, as its matrix form as

617 S11 S12 S13 S1a Ss1 Sei[Th (dy; dpp dsg]
P S21 S22 S23 Sas Ss2 Sez| | T2 di; dyy ds;

E
¢3 _|S31 S32 Szz Sza Ssz Ses||Ts + diz dy3 ds3 E;
éa Ss1 Saz Saz Sas Ssa Sea||Ta diy dyy dsy Es (3.28)

55 551 552 553 554- 555 S65 TS d15 d25 d35
-56— S61 562 563 564- 565 S66 T6 —d16 d26 d36-

and
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T.
D, di1 dyp diz diy dys die Tz €11 €12 €13] [E)
Dyl =|dyy dyp daz dps dys dye T3 + |&21 E22 &3] |E; 3.9
D d3; d3; diz3 dzy dzs dsg T;L €31 €32 E33] Lk (3.29)
Te

Assuming the most typical case, where a piezoelectric material transversely isotropic (piezoelectric
ceramic) is poled along the axis 3[49], many parameters of (3.28) and (3.29) become zero or can be

expressed in terms of other parameters. Table 3.3 shows the equivalence parameters for a transversely

isotropic piezoelectric material[48].

Table 3. 3 Non-zero coefficient for transversely isotropic piezoelectric materials

Non-zero coefficients
Compliance Piezoelectric strain | Dielectric
S11 = S22
S13 = 831 = 823 = 532 d31 = d3; €11 = €22
S12 = 521 dis = daq €33
Saa = Sss
See = 2(S11 — S12)

With the information of Table 3.3, (3.28) and (3.29) can be simplified to

617 S11 S12 Sz 0 0 0 Ty
P Si2 S11 Sz 0 0 0 T,
$31_[S13 S13 Sz 0 O 0 T3
& | O 0 0 Su O 0 T, (3.30)
& 0 0 0 0 Ssc 0 T
[ &6 0 0 0 0 0 2(S511 — Sio)] LT

0 0 ds;

0 0 ds; E,

n 0 0 dss E,

0 dis O Es

dis O 0

0 0 0

and
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D, 0 0 0 0 dy O TZ g1 0 07[E

D=0 o0 0 ds 0 0 T3+ 0 &, O0]]|E 231

Dyl ldy, dsyy dis O 0 O T‘; 0 0 el lE; (3.31)
Ts

3.4 Ferroelectric materials

From the 32 crystal classes mentioned in section 3.3, 21 are non-centrosymmetric, and in 20 of those 21
groups, the lack of inversion symmetry leads them to show the piezoelectricity property. From those 20
crystal types, only 10 have a spontaneous electrical polarization, which means that they have a non-
vanishing dipole moment per unit of volume and are called polar[50]. When a change in temperature is
produced into a polar crystal, the internal or external electrical conduction cannot provide enough current
to compensate for the changes of polarization produced by the temperature, so the crystal develops an
electric charge on its surface[50]. This effect is called the pyroelectric effect, which makes that polar
crystals are called pyroelectric crystals. The pyroelectric effect analysis is not going to be included in this
work.

Ferroelectric materials are a subgroup of the polar materials, which means that ferroelectrics possess
both pyroelectric and piezoelectric properties, and they can be differentiated from other pyroelectric
crystals due to the fact that ferroelectrics can reverse or produce a reorientation of its spontaneous
polarization P;. The spontaneous polarization can be defined as the magnitude of the polarization at the
absence of an applied electrical field, which is a fundamental characteristic of polar crystals[50]. A
ferroelectric crystal has two or more stable orientation of its spontaneous polarization in the absence of
an applied electrical field, and it can be switchable from one to another state by a realizable electric field.
A ferroelectric crystal has regions where it exhibits homogeneous and uniform spontaneous polarization.
Those regions are called domains, and a ferroelectric material can have a complex domain structure
consisting of many domains, each with a different polarization orientation. The boundary between regions

that separates two domains is known as the domain wall[50].

The polarization response of a ferroelectric material with respect to the applied electric field can be
described by the hysteresis loop shown in Fig. 3.5. Starting from the point where the polarization and the
electric field is equal to zero, after increasing the electrical field, the polarization increases until it reaches
a point where it saturates. This saturation of the polarization means that all the domains were completely
oriented onto the direction of the electrical field. If the saturation of the polarization were extrapolated

to the point of zero electrical field, it would correspond to the spontaneous polarization. When decreasing
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the electrical field back to a zero value, the polarization decreases as well but remains with an amount of
polarization at the zero point; this is called the remnant polarization P.. Ideally, P; and P. should be
identical, but in reality, P is higher because the formation of opposite domains when decreasing the field
to zero, but it can be very close in single crystals[51]. When reducing the electric field to negative values,
the polarization switches at a specific value of the electrical field until it reaches its saturation point. At
this moment, if the electrical field is increased, the polarization increases again, switching its state at a
specific value of the electrical field, and the whole process is repeated. The value of the electrical field
that produces that switches in the polarization state is known as the coercive field (E.); the whole process
of changing the polarization state is known as the polarization switching. The switching process occurs
through nucleation and growth of domains that are favourably oriented with respect to the electrical

field[50].

Fig. 3. 5. Hysteresis response of the ferroelectric polarization (P) in an applied electrical field (E)[52].

In most ferroelectrics, there is a phase transition from the ferroelectric phase, to a nonpolar paraelectric
phase while increasing the temperature[52]. The temperature value that produces this phase transitions
ranges from 1 °K to over 1000 °K, and there is the possibility that the material melts before reaching this
temperature[52]. At the paraelectric phase, the material does not exhibit spontaneous polarization, but
as it is cooled down below a critical temperature point called Curie temperature T,, it undergoes a lower

crystal symmetry phase that allows the spontaneous polarization[53].

3.5 Piezoelectric Ceramics

For many years, natural crystals such as quartz and tourmaline were the sole source of piezoelectric
capabilities. However, at the end of the Second World War, independent groups in the former Soviet
Union and the United States revealed a new man-made ferroelectric material consisting of BaTiOs in a
polycrystalline ceramic form[20]. It was created by making a balanced mixture with an appropriate binder,
followed by pressing and then heated at a high temperature. Regions (or domains) of the same

polarization direction are formed within the polycrystalline, and these are bounded by other domains with
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different polar directions. By applying a high DC electric field at a temperature close to the Curie point
and with the field present when the temperature is lowered, many of the domains become aligned with
the applied electrical field, and some grow in volume, enhancing the piezoelectric properties of the
material. This process is called poling[20]. Fig. 3.6 represents the poling process. In addition to the high
piezoelectric enhancement, piezoelectric ceramics have an important advantage as they can be fabricated

into different shapes.

Axis of polarization

——©

+ (-) +
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L— o
(a) (b) (c)

Fig. 3. 6. Poling process of a piezoelectric ceramic. (a) Random orientation of polar domains prior to polarization. (b) Polarization

in DC electric field. (c) Remanent polarization after electric field removed[54].

After these developments, in 1954 Jaffe et al.[55]reported strong piezoelectric effects in lead-zirconate
and lead-titanate solid compositions. This led to the development of a wide variety of polycrystalline lead-

zirconate-titanate {Pb(Zr1,Tix)Os} ceramics, which are better known as PZT[20].

3.6 Material parameters
3.6.1 Piezoelectric constant

The piezoelectric constant dij represents, for the inverse piezoelectric effect, the mechanical
strain experienced in the j-axis by a piezoelectric material per unit of the electrical field applied at the i-
axis[54] when all external stresses are held constant. When a voltage V' is applied to a piezoelectric
material with thickness tj; that is polarized along the axis 3 (Fig. 3.7), this voltage generates the electric

field[48]

%4
E, =— (3.32)
th
which strains the length [ of the material
Al (3.33)
$& = T

for
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_d3q VI (3.34)

Vit =

w

Fig. 3. 7. Voltage applied to a piezoelectric material poled along the axis 3. w, | and t; are, respectively, the width, length and
thickness of the material.
For the direct piezoelectric effect, the piezoelectric constant d;; represents the charge per unit of area

flowing between electrodes (connected in a short-circuit) perpendicular to the j-axis by applying stress in
the i-axis[48]. When a force F is applied to a piezoelectric material with width w and length [ (poled at

axis 3) in direction 3, it generates the stress described by

F (3.35)

T, =
3 7w

resulting in the electric charge q flowing through the short circuit (Fig. 3.8)

q = ds3F (3.36)

F Z(3)
It

SC C /I' X(1)

W

Y(2)

Fig. 3. 8. Force (F) applied to a piezoelectric material poled along the axis 3. An equal, but opposite force F is not shown[48]. SC

= short circuit.

33



3.6.2 Elastic Compliance

The elastic compliance S;; can be described as the ratio of the strain in the i-direction to the stress in the
j-direction, considering that there are no stresses at the other directions[48]. Sometimes, the elastic
compliance can be expressed with a superscript, E or D, to represent that the measurement was taken
with a constant electric field (electrodes short-circuited) or electric displacement (electrodes open-

circuited), respectively.

3.6.3 Dielectric coefficient

The dielectric coefficient, or permittivity, &;; for a piezoelectric material determines the charge per unit
area in the j-axis due to an electric field applied in the j-axis[48]. Sometimes, the permittivity can be
expressed with a superscript, £ or T, to represent that the measurement was taken with a constant strain
or stress, respectively. The relative dielectric constant, defined as the ratio of the absolute permittivity of

the material by the permittivity of the free space ¢, is denoted by k.

3.6.4 Piezoelectric coupling coefficient

The piezoelectric coupling coefficient or electromechanical coupling coefficient k;; is an indicator of the
effectiveness with which a piezoelectric material converts electrical energy into mechanical energy (direct
piezoelectric effect) or mechanical energy into electrical energy (inverse piezoelectric effect)[54]. One way
to calculate k;; is to apply a force to the piezoelectric element. The element will deflect (Az) and

mechanical work (W),) done by the applied force F can be calculated with

_FAz (3.37)

M= 2
Due to the piezoelectric effect, the electrical charge g will be accumulated on the electrodes and not

flowing through them (open-circuit). This amount of energy (E,,) can be calculated by

q® (3.38)

Ey=5—
V720G,

which is stored in the piezoelectric capacitor C,. Therefore

3.39
E, q (3.39)

Wy~ JFAC,

kss =

and expressed in terms of the others piezoelectric constants[48]
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e - Zi ] (3.40)
T SE]

3.6.5 Dielectric dissipation factor

The dielectric dissipation factor, tan g, express the parasitic loss that results by subjecting a material to
alternating electrical fields. It is a measure of the electrical loss of the materials. When an electrical field,
E, is applied to an ideal dielectric material, the resultant charging current finds itself out phase by 90° with
the applied electrical field. However, in a real ferroelectric material, the current also has a loss component
in phase with the applied E, and the resultant net current makes an angle o with the ideal charging
current. This loss current is a result of the dissipation of energy heat. This loss can be interpreted using

the parameter o which is the ratio of loss current I” and charging current I'[54].

1

tan(o) = 7

Typical values for some of the above parameters, for some common materials, are listed on Table 3.4.

(3.41)

Table 3. 4 Piezoelectric material properties[56]

Quartz | PZT-4 | PZT-5A | Lead metaniobate | PVDF
Dielectric constant 5.0 1300 | 1700 22.5 8
Coupling factor: k33 0.1 0.7 0.7 0.38 0.19
Piezoelectric constant: ds; 2 290 370 85 17.5
Dissipation factor: tan 10* | 0.004 | 0.02 0.01 -
Acoustic impedance: Z(10° Rayl) | 15.2 34.5 33.7 20 3.4

3.7 Ultrasound transducer

An ultrasound transducer is a device capable of generating or detecting ultrasound waves[37]. The
classical single-element transducer is based on a piezoelectric plate, disc or ring poled along the thickness
direction and used in its thickness mode, so its thickness defines the f;. of the device through the relation:
thickness = half wavelength. When an electrical impulse is applied to the plate, an acoustical resonance is
induced, which will lead the generation of pressure waves both in the front and back direction. On the
rear face of the active element, a thick layer is usually added and is referred to as backing. It serves as a
mechanical support for the active element, but it also allows acoustic energy to flow by the rear face and
thus induces damping of the transducer resonance. Between the piezoceramic and the propagation

medium, one or several matching layers are used. Their design is optimized to increase the transfer of
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energy from the active layer to the propagation medium. Typically, the thickness of this layer is around a

quarter wavelength of f,. [57]. Fig. 3.9 shows the typical configuration of a single element transducer.

matching layer clectrodes backing

LN v

|
|
III II

puezoel ectric
e\ement

Fig. 3. 9. Essentials of a single-element transducer assembly[57]. P = poling axis in the thickness direction.

3.7.1 Polyvinylidene Fluoride Transducers

The acoustic impedance mismatch between water and PZT or other ceramics has motivated a shift in the
focus in material development to include piezoelectric polymers, most notably Polyvinylidene Fluoride
(PVDF). PVDF is a fluoropolymer whose piezoelectricity was discovered by Heiji Kawai in 1969 and is a
common materials used in acoustic imaging devices[58]. Typical piezoelectric polymers have a crystalline
region with a dipole moment randomly oriented without any mechanical or electrical poling process with
a net dipole moment equal to zero in this condition. This type of structure is called the a-phase PVDF film
and has not a piezoelectric response[59]. By applying a mechanical stretching and electrical poling under
a high electric field, crystalline regions inside the bulk PVDF film will align in the electric field direction.
This type of structure is called the S-phase PVDF film and exhibits piezoelectricity[59]. One of its most

important applications is broadband hydrophones [58].

3.7.2 Piezocomposite transducers

Conventional piezoelectric ceramics such as PZT, lead metaniobate and modified lead titanates are useful
for making ultrasonic transducers used in medical imaging because of their high electromechanical
coupling coefficients. Their principal limitation lies in their high acoustic impedance, which makes coupling
to tissue difficult. Piezoelectric polymers, such as polyvinylidene difluoride (PVDF), present a different set
of material properties. Their low acoustic impedance simplifies efficient coupling, but their low
electromechanical coupling, low dielectric constant and high dielectric losses show additional limitations
when integrating these materials into medical imaging transducers[60]. Simply stated, a piezocomposite
is a combination of a piezoelectric ceramic and a non-piezoelectric polymer to form a new piezoelectric
material with the properties enhanced. In general, however, the term piezocomposite applies to any

piezoelectric resulting from combining any piezoelectric polymer or ceramic with other non-piezoelectric
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material[61]. The advantage of such an arrangement is that it combines the superior piezoelectric
properties of the chosen ceramic with the lower acoustic impedance of the polymer[20]. This type of
transducers is fabricated with common piezoelectric materials, but not in one piece. The material is
selected and filled with a vibration absorbent material to isolate cuts on the piezoelectric[37]. In a two-
phase system, e.g., ceramic and polymer, there are ten possible connectivities, of which only a few are of

practical interest for transducer fabrication[20].

3.7.3 Capacitive micromachined ultrasound transducer (CMUT)

A CMUT is a micromachined transducer formed from numerous unit cells electrically connected in parallel,
with each cell consisting of a metalized membrane suspended above a heavily doped silicon substrate
(top and bottom electrodes, respectively)[62]. Fig. 3.10 represents a CMUT unit cell.

Oxide passivation
Top electrode

Silicon nitride membrane

Vacuum

Insulating layer

Bottom electrode (silicon)

Fig. 3. 10. Schematic cross-section of a CMUT unit cell[62].

During operation, a DC voltage is applied between both electrodes. This DC bias voltage causes the
membrane to deflect downward to a static operating point, which determines the sensitivity, frequency
response and total acoustic pressure[53]. If an alternating voltage is superimposed on the bias voltage,
then the modulation of the electrostatic force results in the vibration of the membrane with subsequent
generation of ultrasonography at the same frequency of the modulation[55]. Conversely, if the biased
membrane is subjected to ultrasound waves, an output current is generated as a result of the capacitance

changes due to membrane vibrations.

The advances in microfabrication technology have made building capacitive ultrasound transducers
possible, which can compete with piezoelectric transducers. CMUTs offers advantages of improved
bandwidth, ease of fabrication of large arrays with individual electrical connections, and integration with
electronics[62]. CMUTs are fabricated using silicon micromachining methods with submicrometer

accuracy and uniformity, which allow fabrication flexibility. Since silicon micromachining determines the
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shapes, sizes and spacing between neighbouring elements, flexible shapes and multiple elements with

transducer spacing as small as 3 um can be fabricated[63].

Besides medical and underwater imaging, CMUTs have some potential applications that include air-
coupled non-destructive evaluation[64], microphones with RF detection[65] and smart microfluidic

channels[66].

3.8 Acoustic propagation and acoustic waves

The physical nature of the medium where an acoustic wave is going to propagate can be modelled as
stationary, with a spatially varying density py(r), where r denotes the location vector with Cartesian
components (x,y,z). If we first consider only the one-dimensional arrangement, the medium may be
considered to be specified by its constant pressure pg, and by its varying density, po(x). The static state
of the medium will be perturbed in the presence of a propagation pressure wave, and the total (time-

varying) pressure pr at the location x will be denoted by[56]

pT(x, t) = pO + p(x' t) (342)
where t denotes time and p, the pressure perturbation caused by the wave is called the “acoustic
pressure”. Furthermore, the density of the medium will also be disturbed by the wave, and the total, time-

varying, density can be written as

pr(x,t) = po(x) + p(x,t) (3.43)
A passing ultrasound wave not only modifies the density and pressure of the supporting medium but also
sets it into local motion, displacing small elements of the medium and imparting them with a particle
velocity, u(x,t). The displacement at time t, of the particle that was located at x at some reference point

(normally t = 0) is called the particle displacement and is noted as § (x, t).

The force acting on any element of the continuous medium then depends on the pressure gradient, and
Newton’s second law may be written as
_Opr _  Du (3.44)
ox pr Dt

. ... D . . . S
The time derivative D—l: has its conventional meaning of total rate of change with time

D - ulx + Ax, t + At) —u(x, t) (3.45)
pe (10001 = Jim, At
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where x + Ax indicates the new spatial position that the particle located initially at x, at time t. has moved

to during the time interval At. And we have that

Ax = u(x, t)At (3.46)

And an application of Taylor’s expansion theorem results in

du du (3.47)
—[u(x, t)] = T + U~
Using (3.47) to reduce (3.44)
opr ou du (3.48)

EZPTE+pTua

It is assumed that the wave produces only small perturbations

p . |P
/po|l < 1 F/p,| 1 (3.49)
If only the dominant terms no higher than first order are retained, then the of motion may be expressed

by

dp Ju (3.50)

Ox_poa

(3.50) implies that any local change in the density of the medium must be the result of the exchange of
mass between the surroundings and the location under consideration. Since the mass flux across a plane

fixed in space, at location x, is given pr(x, t)u(x, t), the continuity, for mass conservation, can be written

as
dpr 0 (3.51)
mrTaliem ]
Linearization of (3.51) results in
_Op _ Ou (3.52)
ot~ POox

One particularly simple constitutive equation is to limit that any change in the local density induced by

the wave is some function, G, of the acoustic pressure only, i.e.

p==G(p) (3.53)

with G(0) = 0 and considering only small acoustic pressure excursions, a Taylor expansion gives
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dG _ _ (3.54)
G(p) = % p + neglible higher-order p-terms
p=0
After excluding the higher-order terms in p, a linearized constitutive equation is given by
dp (3.55)
p= [d—] P = poBop
p p:()
where the compressibility of the medium, 3, is given by
__1 "’_V] _1 ("_P] (3.56)
°~ vlapl,,  polopl,,

with V denoting the volume of a region of the unperturbed medium that contains a fixed mass of material,
and which is small enough for the density to be regarded as virtually constant throughout the material.
(3.50), (3.52) and (3.55) can be combined to give a wave for the pressure,

’p 1% 0 op (3.57)

o 2o (5:00) 35
with cg = (poﬁo)‘l. (3.57) can be converted into a more physically transparent canonical form by

introducing density and compressibility fluctuation terms (p and E respectively) defined as

Po—P (3.57A)
Po

= Bo—P (3.57B)

B

Here, p and E denote the spatial mean values of the density and compressibility. With some algebraic

‘5=

manipulations, (3.57) can be transformed into

0 _10% 1 0%

Jd[_0p

e =ha+ s

0x%2 ¢c20t2 ¢27 0t?2  oxl ox

where ¢ = 1/\/_—_ and which has a constant positive value, dependent only on the physical properties
,Di ]

(3.58)

of the medium. The three-dimensional form of (3.58) is

190%p 1 0% (3.59)
Vip——=—==F—+V"[pV
c2 9t2 52:3 ot2 [AVp]
where p now is a function of three-dimensional variable, r, and the time, t. If p and ,[? vanish (uniformly

constant density and compressibility medium), then the wave propagation is described by the

homogeneous equation
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,  10% (3.60)

c?2 ot?

where for notational convenience, ¢ has been replaced by ¢ = 1/\/—3 which represents the speed of
Pobo

sound as a function of the compressibility and density of the medium[56].

3.9 Ultrasound in medical applications

Ultrasound technology offers a wide variety of advantages in medical applications, which includes being
totally harmless to the human body when low intensities are used, in contrast to ionizing radiation imaging
modalities; it does have a real-time capability to reconstruct images of the body due to the fact that the
time it takes an ultrasound wave to cover the distance of the intended reconstructed zone is short due
the speed of sound in soft tissues has values around ~1540 ms™~1. Ultrasound imaging is cost-effective as
it does not require a large infrastructure as the RF shielded rooms of magnetic resonance or expensive
and dangerous materials such as nuclear medicine[19]. Ultrasound in the medical field can be found in a
wide range of applications, which can be divided into two major categories, diagnostic and therapeutic
applications and the frequency used on any specific application is based on the considerations of sound

absorption, penetration and resolution[67].

3.9.1 Diagnostic ultrasound

Diagnostic medical sonography (sometimes called ultrasonography) is an ultrasound-based imaging
technique used to visualize subcutaneous body structures such as tendons, muscles, joints and internal
organs[2]. Sonography is typically performed with a hand-held probe called ultrasound transducer, which
is placed and moved over the patient body. Water-based gels are used as a coupling between the probe
and the body. Usually, the frequency range for ultrasonography lies between 2 and 18 MHz and is very

common for clinic imaging of soft tissues[2].

Commonly, ultrasound imaging systems use the pulse-echo measurement technique[68], which is
represented in Fig. 3.11-A. The main component of this technique is the transducer, which serves for both
the generation of ultrasound waves toward the desired reconstruction object and to detect the acoustic
echoes produced by that object. When the ultrasound wave is generated, it travels through a medium
until it reaches an object with different acoustic impedance (Fig. 3.11, B), where part of the wave is
reflected by the object to the transducer and part of it travels through it (Fig. 3.11, C). The reflected wave
or echo is then reconverted into an electric signal by the transducer. A transmitter electronic circuit is

used to generate the electric signal used to drive the ultrasound transducer to produce the ultrasound
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wave, and a receiver circuit is used to amplify, rectify and demodulate the electrical echo signal produced
by the transducer when receiving the acoustic echo. With the known speed of sound c of the medium and

the time t the echo took to reach the transducer, the distance d of the object can be calculated as

ct (3.61)

By knowing the distance of the object and the amplitude of the echo signal an image can be reconstructed

and displayed.
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Fig. 3. 11. Ultrasound pulse-echo system. A) Simplified diagram of a pulse-echo system. B) Ultrasound generation from the

transducer. C) Echo produced by an object of different acoustic impedance.

There are mainly four different modes for ultrasound imaging, The A-mode or amplitude mode, B-mode

or brightness mode, M-mode or motion mode and the doppler mode.

3.9.1.1 The A-mode

The amplitude mode is the oldest and most basic of the four. In the A-mode display data, the vertical axis
represents the amplitude of the registered echo, while the horizontal axis represents the time or distance.

This mode is primarily used to make internal distance measurements.

3.9.1.2 The B-mode

The B-mode is the most popular imaging method based on ultrasound. Within the medical applications,
an image reconstruction with B-mode is a cross-sectional image representation of tissues within the body
generated by the echoes produced by the boundaries and scattering of the tissue of tissue irregularities.
Each echo is represented as a point in the reconstructed image relative to the position of the reflector

object, and the amplitude of each echo describes the brightness or shade of gray at each pixel of the

42



image[41]. Finally, the reconstructed 2D image is formed by concatenating multiple pulse-echo lines and

the physical scanning required to acquire the number of pulse-echo lines can be effected in two ways:

e A physical movement of the ultrasound transducer with a fixed beam axis.

e An electronically controlled positioning of the acoustic beam using an array of transducers.

The echoes detected by the transducer or array of transducers may have many rapid changes in the
amplitude due to the many reflections that the wave encounter along its path, which may produce false
detections on the reconstruction. Due to this, the envelope of the signal S(t) is used and can be calculated

by using the Hilbert transform HI{} defined as[69]

s~ L [ S@_ (3.62)
{ (t)}—;_ ) T
Hl(w) = —j - sign(w) = {_]] ww<>00 (3.63)

which changes the phase of negative and positive frequencies by 90° and -90° respectively and the

envelope §(t) of the signal can be calculated with[19]
S(t) = |S(t) + jHI{S(t)} (3.64)

Lastly, to convert the signal into grayscale values S(t) a display window {GSin, GSmax} and the number

of scale levels Ng are required to be set with[19]

S(t) < GSpin — Black

N S(t) > GSpax = White
5@ = vise S < round {Ng (S(®) — GSmun) } (3.65)
(Gsmax - GSmin)

Received signals from deeper distances suffer more attenuation producing a significant reduction in
amplitude. To partially compensate this attenuation, an amplification over time called time-gain-
compensation (TGC) is typically implemented into the electronic receiver circuit. The compensated signal

S.(t) can be described by
S.(t) = S(t)ett (3.66)

with a representing the attenuation factor.
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3.9.1.3 The M-mode

The M-mode is used to observe the motion of moving reflectors[67]. It employs the B-mode principle, the
ultrasound transducer is placed in front of a moving target and echoes signals are repeatedly acquired in
the same position. The resulting image enabled the movement and velocity of specific structures. A
calculation of the M-mode slope’s trace at any instant of time gives the instantaneous velocity of the

reflector[70]. It is used in non-invasive cardiac diagnosis[20].

3.9.1.4 The Doppler mode

The Doppler shift detection measures the rate of change of phase in the reflected signal from a moving
target relative to the transmitted signal[56]. By considering that the ultrasound transducer produces an
acoustic wave of frequency f which propagates at a speed of sound ¢ which encounters a blood vessel
with a blood flow of instantaneous velocity ¥. The angle between the acoustic beam and the blood vessel’s
axis is 8, as shown in Fig. 3.12. The blood cells can reflect the acoustic wave, but the frequency of the

echo has changed to f’ due to the doppler effect. The induced frequency change is given by[41]

2fvcos0, (3.67)

Af = =—

The angle 8 can change due to the vessels or transducer orientation. Also, as the speed of sound is not
constant through the body, there is an error due to the speed of sound ratio induced[19]. In addition to
the visualization of the blood flow, the doppler shift detection can also be used to detect fetal heart

rate[67].
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Fig. 3. 12. Ultrasound wave frequency shift produced by the blood flow.
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3.9.2 Contrast, Signal-to-noise ratio and Spatial resolution
For the two-dimensional images produced by the ultrasound transducer through the conversion of the
echoes amplitude into pixel intensity, the ability to distinguish between the echo amplitudes of two

neighbouring regions is called contrast. Contrast can be measured by using[71]

Sout - Sin (3-68)

Contrast =
Sout

where S;, is the mean signal measured inside the region of the object and S,,; the average signal
measured in the same region without the object. The minimum contrast required to differentiate an

object from the noise is called contrast resolution[72].

Noise in an image can be defined as an unwanted signal coming from sources different than the imaged
object. Those unwanted sources include the transducer, preamplifier, acoustic interferences or the
medium itself. A standard method to evaluate the quality of the acquired image is by using the signal-to-
noise ratio (SNR)[19], which for an ultrasound imaging system depends on the differentiation of the

acquired meaningful echoes from the produced noise. The SNR can be calculated as

SNR =55 (3.69)

O’Tl
where pg is the average signal and o, the standard deviation of the noise.

Another parameter to measure the quality of an image is the smallest separation of which two adjacent
objects can be differentiated, which is called the spatial resolution and is classified in axial and lateral
resolution. The axial resolution describes how close two objects in an image can be differentiated from
each other along the ultrasound propagation axis and can be computed from the period T and the speed

of sound as[73]

cT
Axial resolution = £l (3.70)

The minimum separation at which two different objects can be differentiated on the axis perpendicular
to the direction of the ultrasound beam is called lateral resolution. The spatial resolution can be affected

by the length of the transmitted ultrasound pulse and the degree of focusing[74].

3.9.3 Therapeutic ultrasound
The application for the ultrasound in therapy “predates its use in imaging”[75]. During 1917, Paul Langevin

was the first person to observe that ultrasonic energy could have a detrimental effect on biological
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material[76] by reporting that ‘fish placed in the beam in the neighbourhood of the source operation in a
small tank were killed immediately, and certain observers experienced a painful sensation on plunging the
hand in this region’. A decade after (1927), Wood and Loomis investigated Langevin's observations,
showing with experimental studies that ultrasonic energy had a range of effect from a rupture of Spirogyra
and Paramecium to the death of small fishes and frog during a 1-2 min exposure time. This realization of

the heating effect produced the idea that ultrasound could have potential applications for therapy.

The versatility of ultrasound in medical therapies relies on the interaction with the cells and tissues. The
mechanisms that describe the tissue-ultrasound interaction include the heating or thermal mechanisms
and the non-thermal mechanisms, which include cavitation (growth and collapse or motion of bubbles),
gas body activation or mechanical stress[77]. The type of effects produced by the interaction of the tissues
with ultrasound waves depends on several parameters, but the most important are the attenuation,

frequency, duty cycle and amplitude of the ultrasound wave[78].

3.9.3.1 Thermal mechanisms

The intensity of the acoustic wave is attenuated as it passes through the body, as described by (2.5). The
absorption mechanisms of tissues are the main factor of heat generation as the acoustic energy is
converted in a temperature elevation, which is different for every tissue due to the fact that the
attenuation coefficient depends of the composition of the structure. Solid structures within the body,
bones and teeth, for example, tend to have a higher attenuation coefficient than soft tissues and hence
the heating produced due to absorption is also higher. The attenuation coefficient is also dependent of
the frequency, with a tendency of higher frequencies producing higher attenuations. The biological effects
produced by the ultrasound-induced heating depend mainly on the magnitude and duration of the
ultrasound exposure, and the sensitivity of the targeted tissues[19]. If we consider the ultrasound wave
as a source of heating Q and in the case where blood flow works as a cooling mechanism, the temperature

rise in tissue can be described with the bioheat transfer function[67], [79]

aT . 3.71
peCe 5 = keVPT = WyCon (T = Ty) + 0 &7

Where p, C¢, ke and T correspond to the density, specific heat, thermal conductivity and temperature of
the tissue respectively, and W,,, Cy, and T}, to the perfusion, specific heat and temperature of the blood,
respectively. (3.71) can be solved numerically using the finite-difference time-difference and finite

element methods[67].
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The therapeutic applications based on the thermal mechanisms use a longer duration of heating for
unfocused ultrasound beams or short durations for focused ultrasound (FUS) beams[77]. For the
unfocused beams, the most common application is physiotherapy, which relies on the healing of highly
absorbing tissues like bones or tendons. The focused beam applications are commonly used for tissue

ablation, as is the case of the high intensity focused ultrasound[77].

3.9.3.1.1 High intensity focused ultrasound

High intensity focused ultrasound (HIFU), is a non-invasive thermal ablation technique used for the
treatment[80] of tumours in the prostate, uterine fibroids, bone metastases and brain disorders such as
refractory essential tremor[81]. It is also being studied for the treatment of tumours in pancreas, liver,
kidney, breast, and sarcomas[80]. It is also used for the treatment of brain disorders such as refractory
essential tremor[81]. The first suggestion that HIFU could be applied to therapy was made in 1942 by Lynn
et al[80], [82] while studying the effects of focused ultrasound in beef liver and the brain of living cats and
dogs. However, the first report of the application of HIFU into humans was made in 1954 by Fry et al[80],

[83] while treating tissue related to Parkinson's disease.

The HIFU technique concentrates the ultrasound beam through the use of a concave focused transducer
or an array of transducers. The focused transducer is placed near the desired treated zone and generates
an ultrasonic beam which is concentrated on a focal zone. The temperature on the focal zone raises due
to the absorption of the high acoustic energy until a lesion of a few mm in diameter is produced on the

zone without damaging the surrounded tissues. The HIFU’s principle of operation is illustrated in Fig. 3.13.

Tissue

% Tumour

Focal spot

Ultrasound
transducer

Fig. 3. 13. Operational principle of the high intensity focused ultrasound. The focal spot is placed within the target to produce an

increment in temperature to generate a coagulative necrosis and cells death without damaging surrounding structures.
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The temperature increment within the targeted tissue volume produced by the focal spot of the HIFU
treatment is intended to be raised up to 55 °C or more for periods longer than 1 s to produce coagulative
necrosis and immediate cell death[75] while keeping temperatures outside the treated zone at non-
cytotoxic levels. The acoustic intensities produced at the focal spot have values greater than 1 kW - cm ™2
for driving frequencies of 0.5 — 7 MHz[77]. The focal spot has an elliptical shape similar to a cigar, and the

size of the focal spot can reach values as small as 3-4 mm in length and 1-2 mm in diameter depending in

the application[67].

The targeting of the treatment zone can be done with magnetic resonance imaging (MRI) or ultrasound
imaging. The MRI approach provides the ability to produce high-quality anatomical images and real-time
non-invasive temperature monitoring during the procedure at the expense of high costs and limited
access to the patient. Ultrasound imaging is more cost-effective than MRI, but the image quality is inferior
and does not provide real-time temperature monitoring. Under magnetic resonance guidance, HIFU is
approved by the FDA for the treatment of uterine fibroids[3], [84], essential tremors[85] and pain
palliation of bone-metastatic cancer[86]. Under ultrasound-guided, HIFU is approved by the FDA for the
treatment of prostate cancer[87]. Many other indications (oncological and non-oncological) are at
different research-level stages (from pre-clinical to clinical trials) including pancreatic cancer, liver cancer,

epilepsy, Parkinson’s disease-related motion disorder, just to mention a few[88].

3.9.3.2 Non-thermal mechanisms

The primary non-thermal mechanism is cavitation. According to Gail Ter Haar[67], cavitation can be
defined as “the formation and activity of gas- or vapour-filled cavities (bubbles) in a medium exposed to
an ultrasonic field”. Two types of cavitation can be described, inertial and non-inertial. Inertial cavitation
occurs when a gas-filled cavity oscillates violently, expanding during the ultrasound cycle and then
collapsing abruptly to the size to a fraction of its initial volume. The collapse produces a high-pressure
shock wave and high temperature within its microenvironment. The non-inertial cavitation is created
when a low amplitude ultrasound wave is applied, producing oscillations of the bubble without collapsing,

producing a rapid movement of the fluid surrounding it, which is called microstreaming[80].

The generation of cavitation bubbles during an ultrasound treatment is influenced by the magnitude of

its respective negative peak pressure[19].
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3.9.3.2.1 Histotripsy

High intensity focused ultrasound can produce thermal (section 3.9.3.1.1) and mechanical effects on
tissues depending of the used parameters to produce ablation[89]. The mechanical HIFU ablation involves
non-thermal effects for tissue destruction and is called histotripsy[90]. Histotripsy uses short (micro- to
miliseconds) high amplitude burst of ultrasound waves to generate a cluster of microbubbles at the focal
spot to fractionate down the targeted tissue by using the expansion and collapse of the bubbles[89]—-[91].
The intensity of each pulse is higher than that of the HIFU thermal application, but the time-average
intensity lower due to the burst having a low repetition frequency[89] and low duty cycle (<0.1%). With
the proper number of pulses, the targeted tissues can be completely fractionated with no recognizable

structures[91].

Within its advantages include that as it is not a thermal application, histotripsy is not affected by the heat
sink effect of blood vessels[91], and as histotripsy is a pure mechanical fragmentation of tissue, the
residual tissue debris can be drained or absorbed as part of the physiological healing response[90], which
is an advantage over thermal ablation, where scar tissue is generated. It is non-invasive, and the tissue
treatment can be monitored by using ultrasound imaging or MRI[91]. Animal studies have demonstrated
that boiling histotripsy can properly fractionate lesions in kidney[92], heart[93] and liver[94] sharply
demarcated between treated and untreated regions without thermal damage[95]. The first study in
humans was treated for prostate hypertrophy in 25 patients while using shock wave scattering histotripsy.
Transient improvement was an observer with no intraoperative complications and 1 case of urinary

retention[96].

3.9.3.2.2 Blood-brain barrier opening

Many central nervous system diseases are challenging to treat due to the limitation of the amount of
medication that can reach the diseased brain target because the larger molecule size can not adequately
penetrate the blood-brain barrier (BBB)[97], [98]. The BBB is a physical barrier composed of endothelial
cells tightly joined that lines the blood vessels in the brain and prevents harmful agents from diffusing into
the surrounding brain tissue[97], [99]. Although it protects the brain from toxic agents, it also reduces the
efficacy of brain targeted drugs, so safely and temporarily opening of the BBB is a goal for delivering drugs
with therapeutic concentrations to treat neurological conditions. Several methods to overcome the BBB
have been developed, including hyperosmotic agents that force water out of the endothelial cells to
disrupt the tight junction between cells[100], invasive options like convection-enhanced delivery, which

surgically implants a cannula to deliver drugs within the targeted region[101], and vasodilators like
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bradykinin[102]. Usually, those approaches are limited by lack of specificity, safety concerns or

inadequate drug concentration deliveries to brain tissue[103].

The combination of FUS and injected microbubbles (contrast agents) has demonstrated to be an effective
method to open the BBB transiently[97], [99], [104]. The exact mechanism for which the FUS enhances
the BBB permeability is not fully understood, but the leading hypothesis regarding it is that microbubbles
formed through cavitation vibrate due to the ultrasound waves producing pressure on the endothelium,
which widens the tight junction of the BBB[99]. Two common types of ultrasound contrast agents

approved by the FDA are the lipid-coated Sonovue® and Definity®, and the protein-coated Optison®[99].

Phased-arrays are usually used to deliver the ultrasound waves due to their sub-millimetric targeting
accuracy, with a driving frequency in the range of 0.4 MHz to 1.5 MHz with a pulse repetition frequency
of 1 Hz with a 10 ms burst[99]. FUS-induced drug treatment is currently investigated for glioma[105], [106]
and has already being used for BBB disruption in human patients with Alzheimer’s disease[103] and

amyotrophic lateral sclerosis[107].

3.9.3.2.3 Lithotripsy

Commonly known as extracorporeal shock wave lithotripsy (ESWL), this technique has been used since
1980 for treating stone related problems within the bladder, urethra or the kidney [77], [108]. The ESWL
is a non-invasive ultrasound-based method that involves the generation, outside of the body, of a focused
high amplitude pulsed ultrasound wave with center frequency around the 150 kHz[77] used to
disintegrate calculi at a specific depth in tissues[108] based on two fundamental mechanisms, shock wave-
related effects and cavitation phenomenon([4]. To properly deliver the acoustic energy to the stones, a
coupling media which is normally water or a rubber sleeve filled with fluid, is used between the region of
interest and the ultrasound generator. The stones are visualized by using an x-rays imaging system or
ultrasound imaging. After approximately 3000 shock waves of 80 MPa peak pressure with a pulse
repetition frequency of 2 Hz[77] a 2 mm stone can be reduced to debris and washed out through the
urinary tract. During the lithotripsy treatment, the healthy surrounding tissue can be damaged and side-

effects of the treatment include haematuria, renal colic, haematomas, pancreatitis and arrythmias[4].
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Chapter 4: BIAXIAL DRIVING TECHNIQUE AND MODELLING

4.1 Biaxial Driving
Commonly used ferroelectric actuators are driven by applying the electric field along a poling axis to
maximize their mechanical response[109]. Low coercivity and low hysteresis loss are desired properties

for ferroelectric materials used in high power and high-frequency applications[29].

In addition to the reorientation of polar domains by an applied electrical field, a polarization rotation was
proposed[110] to describe a piezoelectric enhanced response in PZN-PT and PMN-PT single crystals,
where a non-aligned field alternates the material strain vectors between tetragonal and rhombohedral
configurations[30]. During the structural transformation associated with the polarization rotation, the
polarization vector P does not disappear, it just changes its direction and maintains a magnitude similar
to the spontaneous polarization P[30]. Simulation results with ferroelectric switching in PbTiO3[29]
suggest that it is possible to reduce coercivity (threshold at which the polarization switching occurs) and,
consequently, the energy dissipation during operation of ferroelectric transducers by employing a two-
dimensional excitation with modulation on the applied electrical fields. The energy surface for single-
domain ferroelectric PbTiOs, calculated using first principles[110] modelling, is shown in Fig 4.1. The
lowest energy corresponds to a tetragonal phase with four minima, and the highest energy corresponds
to the cubic structures. If a system is allowed to have several alternative states, it will choose the one with
the lowest energy[111]. The candidate to reach the opposite polarization state from the tetragonal state
is the orthorhombic structure positioned at the saddle point of Fig. 4.1, with an energy of approximately

20 meV more than the tetragonal structure.

100+
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Fig. 4. 1. Energy surface for polarization inversion in the (0 1 0) plane of PbTi05.C, T and O refers to cubic, tetragonal and
orthogonal structures, respectively. The arrows indicate the modulation of polarization in a rotational manner[30].
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A natural way to describe a ferroelectric material is provided by the theory of phase transitions, which
predicts the sudden disappearance of a given symmetry element leading to another element with lower
symmetry[53]. Landau-Devonshire (LD) principle is an analysis of equilibrium behaviour near a phase
transition based on the consideration of crystal symmetry. Landau characterizes the transition[112] in
terms of an order parameter, which in the case of a paraelectric-ferroelectric transition is the polarization
vector P, and the free energy at the vicinity of that transition region can be described as a power series
of P. Without applying an electrical field, the free energy density of a ferroelectric crystal as a function of

polarization P can be expressed with the Landau-Devonshire parametrization[29]

Up(P) = —aP? + BP* + y(PZP} + PP} + PZP?) (4.1)

The parameters a, 3, y are related to material characteristics by

__2Up ﬁ_Ub y_4Ub
pZ’ Py’ Pg

(’Ij—g -1) (4.2)
And in the case of PbTiOs;, U,is the energy barrier height for the tetragonal to cubic phase (-72
meV), U is the energy barrier height for the orthorhombic to cubic phase (-54 meV), and P is the
spontaneous polarization of the tetragonal phase (0.8 Cm™2). Considering a uniaxial electric field E
antiparallel to the spontaneous polarization, for a two-dimensional coordinate system (&,, £,), which

represents an arbitrary transition structure[29], the position of stationary points that correspond to zero

gradient of the enthalpy surface can be described with

oUp(P) (4.3)
- = EZ

dP,
oU.p(P) (4.4)
- = Ex

aP,

The condition for the polarization rotation is that the polarization on the X-axis and Z-axis needs

to be the same for both, tetragonal and orthorhombic structures as

P =p, pM = p{? (4.5)
and with the assumption that E,, = 0, (4.3) and (4.4) can describe the coercive field in terms of
the model by
E, o = 2y (=22 = 8k(1 + 2k) 2 22 (4.6)
c,rot y Zﬁ + y PS
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where K = (%— 1) characterizes the degree of anisotropy of the free energy surface. The
b

coercivity approaches the maximum limit at y = 4 or K = 1, as can be seen in the Fig. 4.2, which

describes the coercive field as a function of K.
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Fig. 4. 2. The coercive field as a function of the energy surface anisotropy for a uniaxial electric field[29]. E. = % .
b

At K = 1, the coercivity recovers the polarization flip through the cubic structure[29]

2 - 8 U 4.7
Ecpi = (§a)3/2[>’ Yo = 33_/2?” (4.7)

concluding that the condition Ub/U* < 2 needs to be fulfilled for the polarization rotation
b

remains energetically favourable for the ferroelectric switching.

The coercive field for an arbitrary direction electric field E can be obtained by solving (4.3) and

(4.4) numerically[29] by using the polarization rotation condition

PD = pY¢ (4.8)

X,z X,z

Where x, z is the direction of the electric field with respect to the polarization axis. Fig. 4.3 describes the
ferroelectric hysteresis response at K = 0.25 for an E applied along the spontaneous polarization axis
(0°) and an E directed 45° from the polarization axis. Both the coercive field and polarization are higher
for the electric field along the polarization axis, and even when the coercive field was reduced for E at

45°, the polarization was reduced as well, and consequently, a lower mechanical response is produced.
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Fig. 4. 3. Ferroelectric hysteresis for arbitrary directions (0° and 45°) of the electric field[29].

To take advantage of the reduced coercivity and to maximize the mechanical response, the direction and
magnitude of the field need to be controlled during the switching, which is the basis of the biaxial driving

technique.

The biaxial driving technique is based on the polarization rotation achieved by dephasing two orthogonal
sinusoidal electrical fields along the x (lateral) and z (propagation) axis of a piezoelectric actuator to reduce
the coercivity produced by the ferroelectric switching resulting in an enhanced mechanical response[29],
[30], [113], [114]. An experimental validation of the biaxial driving technique using PZT transducers was
presented in[30] by comparing the acoustic efficiency of PZT transducers excited with a single electrical
field vs. PZT transducers excited with two orthogonal electrical fields (biaxial driving technique). Results
on[30] showed that the output acoustic power from a biaxial transducer depends on the phase difference
of the applied electrical fields (Fig. 4.4), which is different at every transducer and needs to be

characterized for all of them.

1 (%)

0 a0 180 270 360
@i

Fig. 4. 4. Plots of efficiency (n) as a function of the phase ¢ [30]. P+L and P indicate, respectively, when the biaxial mode and the
single mode are used.
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4.2 Finite Element Analysis (FEA)

The modelling of ultrasound transducers usually utilizes numerical methods such as the finite
element method[115]. The finite element analysis (FEA) method, which was introduced by Turner et al.
in 1956 for the analysis of aircraft structural problems[116], is a powerful computational technique to
approximate solutions into a variety of real-world problems having complex domains subjected to general
boundary conditions[117]. Over the years and due to the advances in high-speed computing, the finite
element technique is considered one of the best methods for solving a wide variety of problems
efficiently[118]. From a general perspective, the FEA is the representation of a domain into smaller
subdomains called elements for which the approximate systematic solution is constructed as an exact
solution that can not be solved by existing analytical formulations. These elements are considered to be
interconnected by junction points called nodes, which are located on the element boundaries in the
vicinity of different elements, as is shown in Fig. 4.5. The variation of the field variable (such as
displacement, pressure and voltage) inside a finite element can be approximated by an interpolation
function defined in terms of the field variables at the nodes[118], which are also called degrees-of-
freedom (DOFs). By solving the field equations, the nodal values are obtained, and hence the interpolation
function can define the field variable throughout the assembled elements. To reduce computational
resources during the solution, typically, only the DOFs are calculated and stored, and the other variables

that might be useful for further analysis can be obtained with postprocessing.

Domain Elements Nodes
112 A B
314 6
|I 5 6«) 5
718

Fig. 4. 5. Decomposition of a two-dimensional domain into elements and the representation of the nodes forming it. Each
independent element has a specific number and known nodes

The solution of a continuum problem with the finite element analysis requires the assembly of the

element characteristic matrix and vectors that can be described by a global system of equations[117]

K,U = F, (4.9)
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where K, is the assembly element characteristic matrix, U the nodal DOFs and F, is the assembly of
element vectors. The FEA method requires at least the next set of major steps to reach the solution of a

continuum problem[37], [117], [118]:

e Discretize the structure into subdomains (elements). The type, size and arrangement of the
element is described here.

e Select an interpolation method, which generally is in the form of a polynomial.

o Develop the individual element matrices and vectors Kf) and FA(E), which are derived by using
equilibrium conditions or variational principle.

e Assemble the element equations to obtain the global matrix of the entire domain. The individual
characteristic element matrices need to be assembled into the global matrix by the summation

E (4.10)

K, = Z K

e=1
with E being the total number of elements. Similarly, the assembled form for the individual

element vectors is obtained by the summation

E (4.11)
F, = Z F©
e=1
e Assign the proper boundary conditions, which correspond to the known state of specific nodes
DOFs.
e Solve the global assembly equation (4.9).

e Post-processing. From the known nodal solution, several variables of interest can be calculated.

4.3 Finite element software

Few finite elements analysis packages are available that strongly coupled the piezoelectric material with
the fluid medium[119]. Ansys (Ansys Inc., PA, USA) is a finite element method software developed in 1970
that can be applied to carry out a variety of coupled physics problems like piezoelectric and acoustic
analysis that allow us to optimize ultrasound transducers designs for 2D, 3D or 2D-axisymmetric models.
The standard procedure to perform a finite element analysis within the Ansys software consists of three

typical steps:
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e Model design. The design of the finite element model should include the building of the 2D, 3D or
2D-axisymmetric model and its subdivision into elements, the selection of the element type and
the material properties.

e Model preparation. The selection of the analysis type should be set according to the nature of the
problem (static, modal, harmonic, transient). The type of load needs to be specified (structural,
thermal, electrical or fluid) and the boundary conditions.

e Solution and postprocessing. Acquisition of the DOFs of the problem and calculation of

complementary field variables with its respective graphical representation.

These steps are similar in other FEA software packages, such as COMSOL Multyphysics (COMSOL, Inc.,
MA, USA) or PZFlex (OnScale, CA, USA).

4.3.1 Analysis types

The dynamic analyses are the most common analyses to perform into an acoustic and piezoelectric
coupling problem when the acoustic pressure fields and electric responses are meant to be obtained.
There are three commonly used dynamic analysis: the modal analysis, which is used to calculate the
natural frequencies and vibration modes; the harmonic analysis, which describes the piezoelectric and
acoustic response due to a sinusoidal excitation; and the transient analysis, which is based in the time-
history response of the system due to a time-variating excitation[120]. For simplicity, matrix variables are

represented with brackets [ ] while vectors with curly brackets { }.

4.3.1.1 Modal analysis

When structural vibrations are of concern with the absence of a time-dependent load, modal analysis is
performed[117]. The goal of the modal analysis is to determine the mode shapes and natural frequencies
of an acoustic or piezoelectric system or a combination of both. The equations of motion for an acoustic

or structural system can be written as[120]-[122]
[M]{u} + [C]{u} + [K]{u} = {F} (4.12)

With [M] is the mass matrix, {u} is the nodal degree of freedom (pressure or displacement), [C] is the
damping matrix, [K] the structure stiffness matrix and {F} the load (force) vector. When damping is not

considered, and no load is applied to the system, (4.12) can be reduced to
[M]{i} + [K]{u} =0 (4.13)

The free oscillations of the system will be harmonic of the form
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{u} = {p}, cos w,t (4.14)

Where {¢}, is the eigenvector representing the mode shape of the nth natural frequency, w,, is the nth
natural angular frequency (radians/s), and t is the time. Combining (4.14) with (4.13) and by considering
only the solution where the determinant is equal to zero, the system solution to find the natural

frequencies w, and vibration modes {¢},, is written in the form

I[K] — wi[M]] =0 (4.15)

4.3.1.2 Harmonic analysis

When a system follows a cyclic loading, the resulting response is expected to be cyclic as well[117]. The
harmonic response analysis is employed to determine the time-dependent equations of motion for
steady-state vibrations systems. The goal of harmonic analysis is to calculate the structure response (nodal

degrees-of-freedom) as a function of the frequency. Consider the general equation of motion

[M]{ug} + [Cl{ua} + [K{ua} = {F} (4.16)

where {u,} represents the nodal displacement. All nodes within the structure are moving harmonically at
the same frequency, but they do not have the same phase, therefore the displacement {u;} and the

applied force {F} vectors are defined as
{ug} = {udmaxeij}ef“’t , (4.17)
{F} = {Fpaxe”}e/®t, (4.18)

withug and Fyq, being the maximum displacement and force respectively, ¢, and ¢ the phase shift,

w the angular frequency and t the time. (4.17) and (4.18) can be rewritten as

{ua} = (U, (cOS Py +j sin ) JeloF (4.19)
{ug} = {ua, +jug, Je’**, (4.20)

{F} = {Fnax(cos ¢ + jsinpp)}e/* (4.21)
{F} = {F, + iF,}e/*t, (4.22)

where the real part of the displacement and force vectors are represented by ug, = ug_ cos¢, and

F; = Fyax cos ¢ while the imaginary part is represented by uy, = ug, . sing, and F, = Fyqy sin¢p,
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respectively. By substituting (4.16) and reducing it the system solution for the harmonic response analysis

can be written as

([K]w?[M] + iw[CD({uq, } + i{uq,}) = (Fi} + j{F2}. (4.23)

4.3.1.3 Transient analysis

Transient analysis is performed when the response to non-cyclic transient load is required. The goal of a
transient analysis is to determine the response of a system to any time-dependent load. The equation of

motion that is solved by the transient analysis is[120], [122]
[M]{ua} + [CHua} + [K{ua} = {F(1)}, (4.24)

which contains the same terms as the harmonic analysis (4.16) with the difference that the applied load

{F(t)} now is time-dependent.

4.3.2 Acoustics module

The finite element analysis of acoustic systems involves the discretization of an acoustic region into
elements and nodes which might be surrounded by a structural medium[120]. Tools such as Ansys and
COMSOL supports FEA for acoustic problems, including its structural and thermal interaction, and have
the capacity to solve them by using any of the three types analysis for a 2D, 3D or 2D-axisymmetric
modelling. The degrees-of-freedom present in an acoustic analysis are commonly the pressure and
displacement components. The solution of the acoustic analyses relies on the formulation of the acoustic
wave equation for a compressible inviscid fluid of uniform mean density and pressure and no mean flow.

The lossless acoustic wave equation was shown in section 3.8 with the (3.60)

, 10°p (3.60)

c?2 ot?

Where p is the acoustic pressure as a function of the three-dimensional system and the time ¢, and c is

the speed of sound in the fluid medium which can be written as a function of compressibility of the

medium S, and the fluid density p, as ¢ = 1/\/— To simplify future operations, the gradient and
PoPo
divergence operators can be written respectively as

(L} =0 (4.25A)
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d 0 0 .
(LY =v-( )= 9x 3y 0z (4.258)

And then, (3.60) can be rewritten as

102 4.26
WY (1p) 555 =0 20

Element matrices can be obtained by discretizing (4.26) using a Galekin procedure[122]-[125], and by

multiplying (4.26) for a virtual change of pressure and integrating over the volume of the domain

1 0% . . (4.27)
|| ZoGEamen+ [ @y an@mdceD = | o apULIpAE)
Vo o s

Where:

o Vol = volume of the acoustic domain.
e §p = virtual change in pressure.

e 5 = surface where the derivative of pressure normal to the surface is applied. For a fluid-structure
interaction, s represents the interface.

e {n} =unit normal tos.

The relationship between the normal pressure gradient of the fluid and the normal acceleration at the

interface s (fluid-structure) can be written in matrix notation as

0t?

92 (4.28)
" ({L}p) = —p,{n}’ ( d}>
for {u,} representing the nodal displacement vector. By substituting (4.28) into (4.27) results into

fyo 8P S d(VoD) + [, (LY 8p) (LIp)A(VOD) = — [, podp(n)” (25 (ua})d(s), 420

which contains the pressure and displacement components as the variables to solve.

The fluid pressure p, the displacement components {u,} and the virtual change in nodal pressure 6p can

be represented by their finite element approximating shape function

p = {NY {p.} (4.30)
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ug = {N}{ug,} (4.31)

5p = {NY'{6p.} (4.32)

The element shape function for the pressure and displacements are represented by {N} and {N},

respectively. If the matrix operator {L} is applied to the shape functions {N} as
[B] = {L}{N}T, (4.33)

and factoring out &p, (different than zero), (4.29) becomes

1 . (4.34)
=) W N} d (Vo) {pe} + f [B]"[B]d (VoD {p.} + po f N} {NY d(s){uz, } = {0}
Vol Vol N
If (4.34) is written in the matrix notation, the discretized wave equation is obtained
[M¢]{Be} + [Kr](pe} + polR1 {uz,} = 0, (4.35)

where:

. [Mf] = CiszOI{N}{N}Td(Vol) represents the fluid mass matrix,
o [Kf] = Jyoi[BIT [Bld(Vol) represents the fluid stiffness matrix,

e and p,[R]" =p, |, {NHn}"{N}Td(s) is the coupling mass matrix for a fluid-structure

interaction.

If there is any dissipation of energy due to damping that should be considered, then (4.35) becomes
[Mf ]2} + [Crl{Be} + [Krl{pe} + pol R {uia,} = 0, (4.36)

where [Cr] =§fs {NXN}Td(s) is the fluid damping matrix, 8 :% is the boundary absorption

coefficient and 7, is the absorption at the boundary.

4.3.3 Piezoelectric modeling

The piezoelectric material vibration is described within the finite element analysis as the coupling
between the structural and electrostatic physics[126]. When a voltage is applied to the piezoelectric
material, it will vibrate producing a displacement vector {u;}. In linear piezoelectric theory[35] the charge

equations are coupled with the elasticity equations by using piezoelectric constants (section 3.3.1). FEA
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tools support the coupling physics analysis that represents the piezoelectricity for the three dynamic
analyses shown in section 4.2.1 for the 2D, 3D and 2D-axisymmetric modelling, as well as the fluid-solid
interaction. The degrees-of-freedom involved in a piezoelectric analysis is the displacement components
and voltage. One of the main advantages of the FEA applied to calculate the piezoelectric response is that
it considers each of the elements forming the piezoelectric material with its own orientation of lattice
axes producing an interaction similar to a domain-domain interaction as the one present in piezoelectric
ceramics[127]. The constitutive equations representing a piezoelectric material given in section 3.3.1

(3.22 and 3.24) can be simplified as
{T} = [c"1{&} — [el{E}, (4.37)
{D} = [e]" (&} + [¢*](E}, (4.38)

which can also be rewritten into a matrix notation

{{T}} _ [ [c”] {E} (4.39)
oY |[e]” —[85] {E}

where:

e {T}is the stress vector,
o {D}is the electric displacement vector,
e [cE] represents the elasticity matrix for a constant electric field,

e [e]is the piezoelectric stress constant (C/mz)

o [ef] is the dielectric matrix obtained at constant strain,
e {&} represents the elastic strain vector,

e and {E} represents the electric field intensity vector.

After the application of the variational principle and finite element discretization[128] to (4.39), the

couple finite element matrix equation derived for a one-element model is[122]:

{uy} [C] 0 {ugq} (K] [K7] (F} (4.40)
R o e [ B M e [ B A

Where[M] is the element mass matrix, {u;} represents the displacement components, {V} represent the
applied voltage, [C] is the element structural damping matrix, [C”"] represent the element electric

damping matrix, [K] is the element stiffness matrix, [K4] is the element dielectric permittivity coefficient
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matrix, [K*] = fv [B]T[e][B]d(V) is the piezoelectric coupling matrix, [B] is the strain-displacement
matrix, {F} represents the vector of nodal or surface applied loads, {J} represent the vector of nodal, body

or surface charges and, {J*"} is the element thermo-piezoelectric load vector.

4.3.4 Fluid-structure interaction

The fluid-structure interaction describes the response of the acoustic pressure to structural vibration,
and so the converse effect when the acoustic pressure acts on a structure which causes it to vibrate. In a
fluid-structure problem, both the acoustic wave equation and the general equation of motion need to
be coupled to each other[122], [129]. A fluid pressure load {Fr} needs to be consider in the general

equation of motion described in 3.2.1.2 (4.16)

[M]{uia} + [CH{ua} + [K{ua} = {F} + {F¢}. (4.41)

The fluid pressure vector {F} at the interface, s can be written as

{Fr} = [Rl{pe}, (4.42)

for [R] = fs [N]'{N}T{n}d(s) and {p,} is the nodal pressure vector. By substituting (4.42) into (4.41)

[M]{ua} + [Cl{ua} + [K]{ua} — [R{pe} = {F} (4.43)
(4.36) and (4.43) are assembled to describe the finite element equation for the fluid-structure

interaction problem

[[M] {ud} [C {ud} [K [K75] {u} {F}} (4.44)
[m7°] [Mf] {pe [0] [Cf] {pe} [0] [k {pe} {0}

With [K7S] = —[R] and [M/*] = p,[R]"

4.3.5 Material parameters

To model a piezoelectric material within an FEA software is required to set the right material parameters
correctly. The parameters needed to define before starting the analysis are: The elastic stiffness (c) or
compliance (S) matrix, the piezoelectric constant e(Cm™2) or d(Nm™1), the dielectric matrix & and
density p of the material. Because most of the material parameters follow the format suggested by the
IEEE standard of piezoelectricity[35] following the polarization axis along the Z-direction, for the case of
ANSYS FEA software several arrangements need to be done to the property matrices due the fact that the
ANSYS format for a property matrix follows the polarization axis along the Y-direction[130]. The
restructuration from IEEE format to ANSYS format of the matrix for the piezoelectric constants e and d

are shown within Appendix B.
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Chapter 5: SINGLE ELEMENT BIAXIAL TRANSDUCER

Within this chapter, a finite element formulation is presented to establish the theoretical model that
describes the biaxial technique to drive transducers. The primary objective in the present research work
is to characterize and optimize the parameters that produce a contribution to the efficiency response and
the acoustic beam steering of ferroelectric transducers while being driven by the biaxial driving technique.
This chapter presents FEA models and experimental validation on different ferroelectric materials and
shapes that are meant to demonstrate their response under biaxial driving as a function of the applied
effective power, phase and driving frequency. Experimental validation is presented for the different
simulated shapes using PZT as ferroelectric material. The first part of this chapter describes the FEA model
used to simulate a prismatic shaped ultrasound transducer by testing different ferroelectric materials; the
second part corresponds to the experimental validation of PZT ultrasound prismatic transducers. The third
part is dedicated to the simulation and experimental validation of PZT ring-shaped ultrasound

transducers.

5.1 3D FEA simulation: Single element prismatic shape transducer for different
ferroelectric materials

A 3D-FEA model was defined using the software Ansys Workbench to describe the conventional and
biaxial response of single-element prismatic shaped transducers made of different ferroelectric materials.
For conventional transducers, an electric field is applied in the thickness mode direction. For biaxial
transducers, two independent electric fields are applied: one in the thickness mode and one in the lateral
mode. Three different ferroelectric materials were tested in the simulations, two from the same
crystallographic point group pAmm: Lead Zirconate Titanate (PZT, DL-47, Del Piezo Specialities, LLC, West
Palm Beach, FL, USA) and Barium Titanate (BaTiO3, DL-21, Del Piezo Specialities, LLC, West Palm Beach,
FL, USA); and one from the point group p3m: Lithium Niobate (LiNbO3, Boston Piezo Optics Inc.,
Bellingham, MA, USA)[35], [57]. The three materials share the ABO5 perovskite structure[57], [131]. The
purpose of simulating different materials was to compare how different crystal structures respond to the
biaxial driving conditions and to demonstrate that the biaxial response is not inherent to a specific

material.

Harmonic analysis was performed with enough frequency range to cover the first vibration modes of each
material. The rectangular piezoceramic block (7 mm x 6.9 mm x 10.6 mm) was poled along the propagation
axis (Z), and it was enclosed in a 20 mm x 20 mm x 20 mm acrylonitrile-butadiene-styrene (ABS) plastic

cube, with air as backing material. A 0.6 mm thick silicone layer was placed on the lateral electrodes on
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the region covering the piezoceramic and the ABS case. A water cylinder with a radius of 15.5 mm and a
height 37.5 mm was used in simulations as the propagation medium. The mesh model had a size of 1.5
mm. The propagation (P, front and back faces) and lateral (L, right and left faces) electrodes were
modelled as coupled equipotential sets of nodes. For this initial set of simulations, no damping was
considered in the simulation. Damping was later added when comparing with experimental devices
(section 5.2). An acoustic absorption boundary condition was applied on the outer walls of the water
medium to avoid reflected waves[119], [121], [126], [132]. Fig. 5.1 shows the complete 3D model used
for the simulation. The material properties for piezoelectric, acoustic and structural domains are shown

in Appendix A.

Fig. 5. 1. FEA 3D model of a biaxial transducer poled along the propagation direction (Z-Axis). Conventional excitation of the
transducer was carried out by applying an electric field to the propagation faces P (Z-Axis). Biaxial excitation was accomplished

by applying an additional orthogonal electric field to the lateral faces L (X-Axis).

For the structural part of the model, the couple-field element solid226 is used to model the piezoelectric
effect for the ferroelectric material. Solid226 is a 3D element with 20 nodes that can withstand different
shapes (brick, tetrahedral, prism and pyramid) and can have up to six degrees of freedom (x, y and z
displacement, voltage, temperature and concentration). However, to model the piezoelectric effect, only
the displacement and voltage DOFs are required. The ABS case and the silicone are all meshed with the

so0lid187 element, which is a 10-node element with the nodal displacement in x, y and z as its DOFs.

The acoustic bodies of the model correspond to the water and air medium, which were modelled with a
combination of elements fluid220 and fluid221, and 20 and 10 nodes elements, respectively. This choice
of models was made to improve the meshing accuracy of the structure. Fluid220 and fluid221 can have

up to 4 degrees-of-freedom (x, y and z displacement and pressure) and they were all used within the fluid-
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structure interface; otherwise, only pressure DOF was active to reduce simulation time. Fluid220 is a

hexahedral shaped element while fluid221 posses a tetrahedral shape.

A radiation boundary condition was applied to the exterior faces of the water cylinder to absorb the
outgoing acoustic waves. The radiation boundary condition on the impedance boundary can be expressed

as the acoustic pressure gradient at the normal to an absorbing boundary as[120]

op(r)
on

+ jwp,Yop(r) =0, (5.1)

1
whereY, = — =

Zo = Goco) is the fluid admittance. This expression produces the absorption of all the acoustic
[ o*~o

waves ongoing normal to the absorbing interface. However, acoustic waves that are not normal to the

absorbing interface would produce some reflection.

The excitation applied to the active electrode face corresponds to a time-harmonic potential

difference[122]
V(r,t) =V cos(a)t + ¢)(r)) , (5.2)
or
V(r,t) = Viryrea C0S(0t) = Viryimag Sin(wt) (5.3)

Where r is the location vector, t is the time, w the angular frequency and, V(- and ¢, are the magnitude

of the amplitude and phase angle which are related by

(5.4)
Viry = \/ Véyreal + Vyimag
Viryreal = Vi) sin(@pry) , (5.5)
and
V(r)lmag = V(r) COS(¢(T)) . (5.6)

The real and imaginary part of the applied harmonic potential difference is used to calculate the electric

impedance at the respective electrode with the equation

7 = V(r)Real"'jV(.r)Imag ) (57)
2rfQj
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where Z is the complex impedance, Q is the complex charge obtained as a reaction force on the
propagation (front face) or lateral (right face) electrode, V(;yreal and V(zyimag represents the complex
amplitude of the time-harmonic voltage applied and f the tested frequency. The complex impedance is
used within the FEA model to determine the respective active electrode (Propagation and/or lateral)

applied effective power Wy at a specific frequency with the relation

2
Wy = RMS | 7| cos ¢ . (5.8)

|z|2

Knowing that cos ¢ = %, (5.8) is reduced to

W, = s peny (5.9)

|z|2

The acoustic pressure was obtained from the FEA model solution nodes of the water region covering 10
mm from the transducer and the top face of the water on the XZ-Plane. The acoustic pressure on the
water cylinder face at 10 mm from the piezoceramic on the XY-Plane was obtained to calculate the time-

averaged acoustic power W, delivered[122]

W, — 1 P2(rd (5.10)
A_ch ) A (r)ds,

where p is the density of the water, c is the speed of sound in water and P,(r) is the acoustic pressure at

the nodes of the surface s.

5.1.1 Conventional driving

A single electric field was applied to the propagation electrodes (P-electrodes) to represent the
conventional transducer driving in the FEA model, while the L-electrode remained coupled (no voltage
applied, high impedance). The applied sinusoidal signal had a power of 2 W at the propagation resonance
frequency f,. of each material, and this power was kept constant across the harmonic analysis. The electric
impedance, the applied electric power (Wy) on the P-electrodes, the acoustic power (W) on the face of
the water cylinder 10 mm away from the transducer face, the acoustic pressure on the XZ-plane, and the

acoustic efficiency (n) were calculated. Acoustic efficiency was calculated with[133]

w, (5.11)
=—— X 100%.
n W, %o
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5.1.2 Biaxial driving

Two orthogonal electric fields connected to independent unbalanced sinusoidal signals were applied to
the P-electrodes and lateral electrodes (L-electrodes) to model the biaxial driving of the single element
transducers. A series of FEA simulations were executed to study the acoustic efficiency and beam profile
as a function of the phase ¢ between the driving signals and power p; applied to the L-electrodes. Power
at the P-electrodes was kept constant for all simulations and at 1 W at the f,.. The phase ¢ was varied
from 0° to 315° with a 45° step for p; = 0.1, 0.5 and 1 W. A harmonic analysis was performed where the
electric impedance at both electrodes, the sum of the effective electric power at both electrodes (Wg),
the acoustic power (W,) on the water cylinder 10 mm away from the face of the transducer, and the
acoustic pressure on the XZ-plane were calculated at every value of ¢ and p; tested. The acoustic
efficiency (n) as a function of ¢p and p; was calculated with [30], [36]

_ Wadp) (5.12)
- x 100%.
P:P) =3 o

5.1.3 Steering calculation

The degree of the ultrasound beam steering was calculated by analyzing the acoustic beam profiles
generated by the transducer with biaxial and conventional drivings. Firstly, the centroid (W) was calculated
in the XZ-plane within —3 dB of the normalized acoustic pressure distribution for conventional (¥.) and
biaxial (Wg) driving conditions, as shown in Fig. 5.2. The steering angle y was defined as the angle between
the vectors formed by W, and Wy at all the tested combinations of ¢ and p; at the propagation f,.. A 2
mme-offset was applied in the calculations of the acoustic field centroids W, and W5 to match experimental
acoustic pressure measurements, as is not possible to experimentally measure the acoustic field on the

surface of the transducer.

-3dB ! :
A_coustici WA -»Wp
Field
v -- -- -?2
|“r \ 1, v mm
=(W,- £V, PZT
14 ¢ B Piezoceramic

Z-Axis

Fig. 5. 2. Calculation of y between the vectors formed by ¥ and Wy within a —=3 dB normalized acoustic pressure field at
different ¢ and p; values.A 2 mm compensation was applied on the Z-axis to match experimental measurement conditions.
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5.1.4 Impedance FEA results

Predictions of the f,. and impedance at the P- and L-electrodes for PZT, BaTiO; and LiNbO; are
summarized in Table 5.1. It is worth noting that for the specific case of the LiNbOg, the resonance
frequency on the propagation mode is significantly affected by the addition of the L-electrodes even
without a signal applied on them, and this can be clearly distinguished on an electric charge vs. frequency

plot. Fig. 5.3 shows the simulated impedance response for the three ferroelectric materials.

Table 5. 1 PZT, BaTiOs and LiNbO3 resonance frequencies.

Driving
Frequency ﬂ Propagation ﬂ Lateral
Material frequency
range (kHz) kHz kHz
(kHz) (kHz) (cHz)
PZT 100 - 150 130 145 130
BaTiO; 150 - 250 201 209 201
LiNbO; 250 -350 288 270 288
PZT BaTiO
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Fig. 5. 3. Comparison of impedance at the P- L —electrodes of the FEA transducer model for the three different ferroelectric
materials. For the LiNbO; case, the charge vs frequency plot is also shown.
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5.1.5 FEA predictions for the acoustic pressure fields: Steering analysis

Fig. 5.4 shows the normalized acoustic pressure field for LiNbO5 , BaTiO3 and PZT ferroelectric materials
along the XZ-Plane on a logarithmic scale. When using conventional driving, FEA predicted an ultrasound
beam directed at an angle of 0° relative to the Z-axis, which is expected in ideal conditions. The largest
steering angles (y) for LiNbO3; were predicted with a lateral power p; = 1 W (top row in Fig. 5.4), with
y =—=30.7°at ¢ = 270°, and y = 29° at ¢ = 90°. The largest value of y for BaTiO; was observed with
p; = 1 W (mid row in Fig. 5.4), withy = —27.7°at ¢ = 90°andy = 29.6° at ¢p = 270°. The largest value
of y for PZT were observed with p; = 1 W (bottom row in Fig. 5.4), withy = 40.8°at ¢ = 315°andy =
—25.3%at ¢ = 90°. The acoustic field for three materials was calculated at their respective propagation
frequency f, (Table 5.1). The FEA acoustic profile exhibited a nonsymmetric response between the

achieved steering in the positive (right) and negative (left) directions for the three ferroelectric materials.

The results for y in function of ¢ and p; are shown in Fig. 5.5. Predictions showed a sinusoidal-type
response between y and ¢, and the limit values of y were proportional to p;. Table 5.2 shows a summary

of the findings.

LiNbO; Transducer LiNbO; Transducer LiNbO; Transducer

Biaxial Driving ®=270° P,.=1 W Conventional Driving Biaxial Driving ®=90° P,=1 W Normalized

Pressure (dB)
0

BaTiO; Transducer BaTiO; Transducer BaTiO; Transducer
Biaxial Driving ®=80° P, =1 W Conventional Driving Biaxial Driving ®=270° P,=1 W

Z (mm)

PZT Transducer PZT Transducer PZT Transducer
Biaxial Driving ®=90° P,=1 W Conventional Driving Biaxial Driving ®=315° P =1 W

7 X (mm)

Fig. 5. 4. Predictions of the normalized acoustic pressure fields with a contours cutout at —8 dB produced by the LiNbO5 (top),
BaTiO5 (middle) and PZT (bottom) biaxial transducers while applying 1 W on both P- and L-electrodes. Beam profiles of the

maximum positive (right) and negative (left) steering are shown, along with the profile observed with the conventional driving

(center).
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Fig. 5. 5. Predictions of the steering (y) as a function of phase difference (¢) between the P- and L- electrodes for the LiNbOs,
BaTiO5 and PZT transducers model at different applied power levels on the L-electrode.

Table 5. 2 Maximal steering predicted by the FEA model for different ferroelectric materials

LiNbO,
Peak-peak
p; (W) Negative steering (left) Positive steering (right)
steering
¢ (°) v () ¢ (°) v () ()
0.1 270 -15.9 90 15 30.9
0.5 270 -26.5 90 24.8 51.3
1.0 270 -30.7 90 29 59.7
BaTiO;
Peak-peak
p; (W) Negative steering (left) Positive steering (right)
steering
¢ (°) v () ¢ (°) v () ()
0.1 90 -12.4 270 12.7 25.1
0.5 90 -22.3 270 23.6 45.9
1.0 90 -27.7 270 29.6 57.3
PZT
Peak-peak
p; (W) Negative steering (left) Positive steering (right)
steering
¢ (°) v () ¢ (°) v () ()
0.1 135 -13.7 315 18.3 32
0.5 90 -20.4 315 31.9 52.3
1.0 90 -25.3 315 40.8 66.1

71



5.1.6 Efficiency () as a function of phase and power

Fig. 5.6 illustrates the simulated relationship between 1 and ¢ for different power levels applied to the L-
electrodes. For the three tested materials, a sinusoidal relationship between 7 and ¢ was observed. The
values of n were inversely proportional to p;. For all materials, the biaxial driving simulations showed a
maximal value of  (;,4x) When applying p; = 0.1 W. Baseline values (only-P) of  were calculated with
the conventional driving. For PZT, 0,4 was 41.4% at ¢ = 90°, with a baseline 7 of 43.4%. For LiNbO;
Nmax Was 69.3% at ¢ = 90°, with a baseline n of 72.2%. Finally, for BaTiO3 1,4, Was 54% at ¢ = 45°,

with a baseline 1 of 54.8%.
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Fig. 5. 6. 1 vs. ¢ FEA predictions for the PZT (left), LiNbOs (center) and BaTiOs (right) biaxial transducers at different values of p,.
5.1.7 Analysis of FEA predictions for biaxial driving for different ferroelectric materials

The finite element simulations described in section 5.1 presented for the first time that single element
ultrasound transducers made of other ferroelectric materials can control the direction of the transmitted
ultrasound beam up to 40.8° when using the biaxial driving. Highly relevant, we identified how this

steering depends on the dephasing of the signals applied to the P- and L-electrodes, and the power applied

on the L-electrodes.

The driving frequency (propagation f,.) for each material in the FEA model was different due to their
different properties (Appendix A). The lowest f;- corresponds to the PZT material with a frequency of 130
kHz followed by the BaTiO; with 201 kHz and the highest frequency is the LiNbO5; with 288 kHz. The
value of the impedance at propagation f,- for PZT and BaTiO3; was really close to each other, with values
of 2582 Q and 2881 Q, respectively. LiNbO3; showed a high impedance at its propagation f,- with a value
of 54.8 kQ, resulting in a limitation when compared to the other two materials, as higher voltages are

required to reach the same power, regardless of its efficiency. Also, within the FEA simulations, the first
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resonance peak for the LiNbO; material can not easily be identified while plotting the impedance vs.
frequency response as the differences in the charge (Fig. 5.3, left-bottom) are small and compensated by
the 1 kHz resolution step in frequency. This small change in the charge within the LiNbO5; material can be
attributed to the charge contributions made by the additional set of electrodes due to its material
property e,, being different from 0. This condition implies that there are contributions to the charge
surface density on the X-axis produced by a deformation in the same axis. In addition, the biaxial
transducer can be seen as a 2-port device implying that the impedance seen at one port is dependant to
the excitation of the second port, which might generate a big contribution to the impedance response

depending on the material properties.

The three different ferroelectric materials exhibited a sinusoidal response of y with respect to ¢ with the
maximum peak-peak steering reached by the PZT material with a value of ¢ = 66.1° followed by the
LiNbO3 with ¢ =59.7°, and then BaTiO3 with ¢ =57.3°. The PZT material showed its maximum positive
and negative steering response at a ¢ of 90° and 270°, respectively. For both BaTiO3 and LiNbOs, these
maximum positive and negative steering were observed at a ¢ of 90° and 270°, respectively. However,
the LiNbO3; material showed an inverse response in phase for the maximum positive and negative
steering when compared with BaTiO;. This inverse response can be related to the fact that the lateral
resonance frequency is lower than its propagation resonance frequency, as shown in Fig. 5.3. The
inversion of the maximum steering phases can be changed by changing the direction of the applied electric
field on the lateral electrodes. The maximum steering was always reached for a P, = 1 W and gradually

reduced while decreasing P; values.

The biaxial efficiency followed a sinusoidal response as described for Pichardo et a/[30], and it increased
as P; was reduced. The maximum biaxial efficiency values were reached for LiNbO5 with a n value of
69.3% at ¢ = 90°, however, for the described total power applied of 2 W within this lossless simulation,
conventional driving got higher efficiencies than biaxial, suggesting that a higher total power or lower P,
values should be tested in order to get a high biaxial efficiency. Additionally, it was observed that there is
a trade-off between the maximum steering and efficiency values as they do not share the same ¢ and P,,

which is an important behaviour to consider when implementing biaxial driving.

5.2 Experimental validation: PZT
Due to the fact that the characterization of the simulated PZT transducer produced the highest possible
peak-peak steering value, and that PZT is the most widely used material in medical applications, it was

decided to validate those results experimentally. Three biaxial transducers were fabricated with the same
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mechanical design used in FEA simulations (identified as B;, where i is the transducer number) and three
conventional transducers (identified as C;) using the same piezoceramic material and dimensions. Both
the biaxial and conventional transducers were poled along the propagation axis, as described in Fig. 5.1.
In the case of conventional transducers, silver electrodes were only present on the faces of the
propagation axis. On the biaxial transducers, silver electrodes were present on both the propagation axis
faces and the lateral axis faces. We applied a drop of silver epoxy (83315-15G, MG Chemicals, B.C.,
Canada) to strengthen the solder joint of each electrode. Based on our previous work[30], [36], we used
silicone (Silicone 1*, Momentive Performance Materials Inc., NC, USA) to hold the 3D-printed ABS casing
(Taz 5, Lulzbot, CO, USA) to the piezoceramic and to waterproof the inside of the transducer. Air was used
as the backing material. The single element biaxial and conventional transducers are shown in Fig. 5.7.
The electric impedance characterization to determine the f,. of each transducer was performed by using
a vector network analyzer (ZNL3, Rode & Schwarz, Munich, Germany) and is shown in Fig. 5.8. The
transducer impedance was matched to 50 Q at the resonance frequency. In the case of biaxial

transducers, the propagation and the lateral modes were matched separately.

Fig. 5. 7. Single element biaxial transducer (white case). Front-back faces correspond to the propagation electrodes while the
left-right faces to the lateral electrodes. Single element conventional transducer (blue case). Front-back faces correspond to the

propagation electrodes.
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Fig. 5. 8. Average impedance response for the experimental single-element prismatic-shaped biaxial and conventional
transducers.
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By using the electrical characterization from the experimental transducer, viscous damping (g can be
added to the FEA model to properly match results by adding losses. When a structure is under a
harmonic excitation, Cg can be approximated as[134]

1 (5.13)

Cop=—
B wQm

With w being the angular frequency and Q,,, the quality factor. The quality factor in a transducer
represents the crystal’s resonance quality[19] and is inversely proportional to the bandwidth, implying
that narrow band transducers (therapy) have a large Q,,, and wider band transducers (imaging) a low

Qm-The Q,, can be calculated by analyzing the admittance response of the transducer and using[135]

0, = fr (5.14)

fo=h

with f, representing the resonance frequency, f, and f; the left and right —3 dB frequency. For the
simulated model, a value of § = 1.78x10~8 was used. In addition, the mesh size of the piezoceramic

element was reduced to 0.5 mm to cover a broader band of frequencies (100 kHz to 600 kHz).

5.2.1 Acoustic field distribution

The acoustic pressure characterization of each transducer was performed by using a 2 mm-diameter
needle hydrophone (NH2000, Precision Acoustics, Dorset, UK). The hydrophone was mounted on a robotic
3D-positioner system (UMS3 Scanning tank, Precision Acoustics, Dorset, UK) placed 2 mm away from the
transducer inside a tank filled with deionized and degassed water. The conventional transducers were
driven with a 10-cycle sinusoidal burst , to avoid damaging the hydrophone, with a repetition frequency
of 100 Hz produced by a dual-channel function generator (33522A, Agilent Technologies, CA, USA) and
amplified (240L, E&I, NY, USA). The voltage amplitude was set to reach an electrical power of 1 W in

continuous mode at the resonance frequency of the transducer.

The biaxial transducers were driven with a 10-cycle sinusoidal burst using the propagation resonance
frequency with a burst repetition frequency of 100 Hz and power of 1 W at the P-electrodes. The same
range of values of ¢ and p; as in simulations were tested: ¢ was varied from 0° to 315° with a 45° step
and p; was maintained at 0.1, 0.5, and 1 W. For hydrophone measurements of the biaxial transducers, the
order of combination of ¢ and p; were randomized to avoid any hysteresis error or contributions related
to heating. The acoustic field was measured with the hydrophone on the XZ-plane using a 0.5 mm-

resolution step. The region covered on the X-axis ranged from -5 mm to +5 mm from the center of the
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transducer while on the Z-axis, it went from 2 mm to 8 mm away from the transducer. The hydrophone
acoustic measurement signal was coupled (DC Coupler, Precision Acoustics, Dorset, UK), amplified
(Hydrophone Booster Amplifier, Precision Acoustics, Dorset, UK), and digitized with an oscilloscope
(DSOX3024A, Keysight, Santa Rosa, CA). The diagram for the setup is shown in Fig. 5.9. Also, to have a
baseline of the beam profile for calculating the steering angle, the acoustic pressure was measured using

only the P-electrodes. The voltage was set to produce 1 W of electrical power in continuous mode.

For each of the biaxial transducers, the steering angle y was calculated as described in section 5.1.3. The

measured acoustic pressure fields were normalized and interpolated to a 0.1 mm resolution.

QEM "\/|osc

[

3D-Positioner

Hydrophone 75 dB
Water = -DC Cou-ler Amplifier
Tank

Mo Signal
Generator (x2)

Transducer 7 ’[
X

Fig. 5. 9. Setup for the acoustic field characterization of a biaxial ultrasound transducer.

5.2.2 Acoustic efficiency

For the characterization of the acoustic efficiency of conventional transducers, a continuous sinusoidal
signal was produced by a dual-channel function generator (33522A, Agilent Technologies, Santa Clara, CA)
and amplified it (240L, E&I, Rochester, NY). The signal had a power of 2 W at the transducer f,- measured
with a power meter (N1914A, Agilent Technologies, Santa Clara, CA). The acoustic power was calculated
with the radiation force method[136] and an analytical scale (NewClassic MS, Mettler Toledo, Columbus,
USA). The transducer was placed directing downward at a distance of 2 cm from a 6 cm-diameter absorber
(HAM A, Precision Acoustics, Dorchester, Dorset, UK) located on the bottom of a vessel filled with
deionized and degassed water. The acoustic power was calculated using the following equation[68], [136]

_ mgc (5.15)
cosy

A

where m is the change in mass measured by the analytical scale 8 s after continuous driving, g is the

acceleration due to gravity (9.81 ms™1), c is the speed of sound in water at room temperature, and y is
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the steering angle. The coefficient (cosy) ™! determines the vertical contribution of the steered acoustic
field to the force measured by the analytical scale[68], [136]. The measurements were performed three

times on different days.

For the characterization of the acoustic efficiency of the biaxial transducers, two independent sinusoidal
signals were applied to each set of electrodes and varied ¢ and p; at the L-electrodes while maintaining
the power of 1 W at the P-electrodes. Each biaxial transducer was driven with a dual-channel function
generator (33522A, Agilent Technologies, Santa Clara, CA) and two power amplifiers (240L, E&,
Rochester, NY and AG 1021; T&C Power Conversion, Rochester, NY). The driving signal frequency for both
pairs of electrodes was set to the propagation f,. . The effective electrical power delivered to each set of
electrodes was measured with two power meters (N1914A & E4419B, Agilent Technologies, Santa Clara,
CA). The experimental setup for the efficiency characterization of the biaxial transducer is shown in Fig.
5.10. ¢ was varied from 0° to 350° with a 10° step for each value of p; (0.1, 0.5, and 1.0 W). Three repeated
measurements were performed per transducer for each combination of ¢ and p;, and the order of those
combinations was randomized. W, was also measured with the biaxial transducers being driven with only

the P-electrodes with 2 W to produce a baseline of conventional mode driving.
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Generator

|
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Dual-directional Amplified
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Fig. 5. 10. Setup for the efficiency characterization of a biaxial ultrasound transducer. Top) General setting describing the
transducer positioning within the balance. Bot) Description of the power meter connection and piezoceramic.
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5.2.3 Electrical impedance validation

Fig. 5.11 compares the simulated and experimental impedance measurements. For the prismatic biaxial
transducer, simulations predicted a f, and impedance of 133 kHz and 2352 Q at the P-electrodes,
respectively. For the L-electrodes, the model predicted values of 145 kHz and 1829 Q. The experimental
fr average (£ s.d.) for the three biaxial transducers was 131.0 + 0.0 kHz on the P-electrodes with an
impedance of 2399 + 53 Q. In the case of L-electrodes, the average f,. and impedance were 137.2 £+ 0.6
kHz and 1210 + 156 Q, respectively. For three conventional transducers (no L-electrodes), the average
resonance frequency was 137.5 + 0.9 kHz with an average impedance of 1856 Q + 215 Q. The simulation

for a conventional transducer presented an impedance of 3919 Q with resonance frequency at 133 kHz.
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Fig. 5. 11. Comparison of average impedance at the propagation (P) and lateral (L) electrodes between the simulation (FEA) and
experimental (Exp) conventional (top) and biaxial (bottom) transducers.

5.2.4 Acoustic pressure response: Steering validation

Fig. 5.12 shows the normalized acoustic pressure field of the biaxial transducer B;, conventional
transducer C;, and the simulated model along the XZ-Plane on a logarithmic scale. When using
conventional driving, simulations predicted an ultrasound beam directed at an angle of 0° relative to the
Z-axis, which is expected in ideal conditions. The highest values of y for the simulation were predicted
with p; = 1 W (bot-left and bot-right row in Fig. 5.12), with a maximum value of y = —28.3° at ¢ = 90°
and y = 30.9° at ¢ = 315°. The middle-left and middle-right rows in Fig. 5.12 shows the experimental
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acoustic profiles of the biaxial transducer By at ¢ = 135 and ¢ = 270° for p; = 1 W corresponding to y
values of —25.5° and 25.9°. The simulated and experimental acoustic profiles exhibited an asymmetric

response between the achieved steering in the positive (right) and negative (left) directions.

Conventional
) Transducer C,

Normalized
Pressure (dB)
0

B) Biaxial Transducer B,

$=135"P =1 W only-P $=270° P =1 W

Z (mm)

C) Transducer Model
Only-P

Fig. 5. 12. Normalized acoustic pressure fields with contours at —6 dB. A) Acoustic pressure measured on the conventional
transducer C;. B) Propagation-only mode for the biaxial transducer B; (center) with its respective maximum negative and

positive steering acoustic field (left and right). C) Maximum negative and positive steering (left and right) produced by the

biaxial model and compared with its respective conventional driving mode (center).

Fig. 5.13 shows the simulated and experimental results of y as a function of ¢ at all the tested values of
p;- The model predicted a sinusoidal-type response between y and ¢, which experimental validation
agreed well with the predicted shape response. Maximal steering increased as a function of the applied
lateral power. The highest experimental y for the biaxial transducers was 30.2° + 4.4° at ¢ = 270° and
—24.5°+3.9%at ¢ = 135°, at p; = 1 W. Table 5.3 shows a summary of the findings.
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Fig. 5. 13. Steering response as a function of phase difference for three experimental biaxial transducers and the simulated
transducer model at different p;.

Table 5. 3 Maximal steering predicted by the FEA PZT model and experimental measurements (n=3)

Negative steering (left) Positive steering (right) Peak-peak steering
p; (W) FEA Experiments FEA Experiments FEA Experiments | Difference
o) | v () | ¢0) Y () o) | v ()| &) y () (®) (°) %
0.1 135 | -14.5 | 135 | -10.4(+1.5) | 315 10.3 270 | 11.7 (£1.9) 24.8 22.1 45
0.5 90 | —23.2 | 135 | —20.7(¥2.2) | 315 22.6 | 270 | 23.5(3.5) 45.8 44.2 35
1.0 90 | —283 | 135 | -24.5(+3.9) | 315 30.9 270 | 30.2 (+4.4) 59.2 54.7 7.6

5.2.5 Efficiency (17) as a function of phase and power

Fig. 5.14 illustrates the simulated and experimental relationship between n and ¢ with different power
levels applied to the L-electrodes. A sinusoidal relationship between 1 and as ¢ was observed, and the
overall 1 was inversely proportional to p;. Biaxial driving simulations showed a maximum 7 of 36.5% at
133 kHz for ¢ = 45° and p; = 0.1 W. With conventional driving by applying 2 W at 133 kHz, the value of
71 was calculated to be 37.9%. For biaxial driving experiments of transducers By, B,, and B3, the maximal
1 was, respectively, 34% £ 2.8%, 34.3% £ 2.1%, and 28.3% + 2.2%, at p; = 0.1 W and ¢ = 20°, 30°, and 50°,
respectively. When the three biaxial transducers were driven through P-electrodes alone, the average n
was 30.3% + 3.9% at their respective propagation f,.. Experimental results for the three conventional

transducers showed an average 17 of 31.2% * 2.3%.
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Fig. 5. 14. Average n vs. ¢ for the three biaxial transducers (left) and corresponding FEA predictions (right) for n vs. ¢ for the
same values of p;.

5.2.6 Discussion

The simulated and experimental results for the PZT biaxial transducer demonstrated that the biaxial
driving of a single-element transducer can effectively steer the ultrasound beam, and that the steering
can be controlled using the phase and power applied to L-electrodes. To the best of our knowledge, this

is the first time that ultrasound beam steering using a single-element transducer has been

demonstrated.

As shown in Fig. 5.13 the beam steering angle exhibits a sinusoidal response with respect to ¢, with
maximum steering angles for simulated and experimental measurements at ¢ values of 90° + 45° and
285° £ 26°, for left and right steering, respectively. Decreasing the power from 1 W to 0.1 W on the L-
electrode while maintaining it at 1 W on the P-electrode reduced the maximum steering value that could
be obtained, meaning that we could control steering by either reducing power on the L-electrodes or by
changing the phase difference between electrodes. The average difference for the peak-peak steering

between the simulated model and the averaged biaxial transducers was 5.2%.

An excellent agreement could be observed between the impedance response obtained from simulations
and experiments for the PZT biaxial transducers. Relative to the predictions, f,.of the P- and L-modes
showed an absolute difference between FEA and experiments of 2 kHz and 7.8 kHz, corresponding to a
difference of 1.5% and 5.4%, respectively. The experimental difference between the propagation
resonance frequencies of conventional and biaxial transducers was only 4.9%, with an on-resonance

impedance and an absolute difference of 22.6%, relative to the experimental biaxial transducer.The
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difference in f,. for the simulated and experimental conventional transducer was only 4 kHz. However,
there was an absolute impedance difference of 2134 Q. In addition, the absolute difference in the average
experimental and simulated impedance for the P-electrodes was 47 Q, while that for the L-electrodes was
619 Q, having relative differences of 2% and 51% in relation to the prediction. The difference in the
impedance is attributed to the clamping effect of the silicone glue used to adhere to the piezoceramic

material to the acrylonitrile-butadiene-styrene (ABS) casing.

While the addition of the second set of electrodes can provide control for the steering of ultrasound of a
single-element transducer, compared to the conventional transducer, the second set of electrodes did
not result in significant variations in the acoustic field when only the P-electrodes were driven. We can
also foresee that a supplemental third set of electrodes may be implemented on such a rectangular
structure to produce a steered beam on the YZ-plane in addition to the steered beam in the XZ-plane. In
addition, the application of the biaxial driving in piezoceramic shapes, such as rings, can modify the
ultrasound formation in the near field, as the controllable steering can have an effect given the

axisymmetric configuration of a ring device.

The non-symmetric response for the steering y observed in the simulated and experimental acoustic
profiles of biaxial transducers (Fig. 5.12) can be related to changes on the amplitude deformation along
the Z-axis in the piezoceramic due to the addition of the second set of electrodes and the driving frequency
used on the L-electrodes. Supplementary simulations were performed to calculate the amplitude of
deformation over the Z-axis of two opposite corner nodes (right and left) on the front face of the FEA
model while driving only the L-electrodes. The simulations were performed for the cases where the P-
electrodes are modeled as a coupled equipotential set of nodes and when P-electrodes were not modeled
at al. Overall, we observed that the piezoceramic deformation due to lateral excitation loses symmetry by
the presence of the P-electrodes, and this asymmetry increases as it was driven away from its resonance
frequency. The deformation of the two corner nodes in the FEA models is shown in Fig. 5.15. It was found
that at the simulated f,. of the L-electrodes (145 kHz), the right and left nodes underwent deformations
of 693 nm and 632 nm, respectively (a difference of 61 nm) in the presence of P-electrodes while
deformations of 755 nm and 744 nm (11 nm difference) were observed for the absence of P-electrodes.
However as the L-electrodes were driven with the propagation f,- during biaxial excitation, the amplitude
of the deformation when the propagation resonance frequency (133 kHz) was used to drive both sets of
electrodes produced deformations of the right and left nodes of 237 nm and 72 nm, respectively (a

difference of 165 nm) in the presence of P-electrodes. The deformation changed to 245 nm and 243 nm
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(2 nm difference) when the P-electrodes were absent. These deformation differences between nodes
explains the asymmetric steering response, which is produced by the addition of the two set of electrodes

and increases due to driving out of resonance.

L FEA
9007 [27g =<7, -1, Right Node
[S wodteens P+L - L, Left Node
f N £ 8007 |- ¢ —L.only, Right Node X
Le t ode wn =+ Bheer L-Only, Left Node ] A
2 700 #
f /53
N 600} il
= I
i
5 500 P
T 400t /8 ;
Right Node £ 7
£ 300r P
[} &’
o
200 _FT
..... o,
100F7 e -
o- - -0 - x
—— ) s ne e nn st e K s | !
100 110 120 130 140 150

Frequency (kHz)

Fig. 5. 15. Left) Location of the right and left nodes on the front face of the piezoceramic material in the FEA model. Right)
Deformation (Z-axis) vs frequency of the right and left nodes. The lateral and propagation resonance frequencies are 145 kHz

and 130 kHz, respectively.

The biaxial method will offer new opportunities to develop a new generation of phased-arrays, where
low-frequency conditions would be desirable. For the medical use of focused ultrasound for transcranial
therapy[137], where the skull barrier imposes a limit to the maximum usable ultrasound frequency (often
between 200 kHz and 700 kHz), a higher degree of focusing is highly desirable, especially for emerging
applications such as neurostimulation with focused ultrasound[137]. Ultrasound imaging applications can
certainly benefit of an improved axial resolution of imaging with phased-arrays. Also, the biaxial method

may open new opportunities for innovative imaging techniques that can exploit this new type of steering.

The difference in 7 between conventional and biaxial transducers with propagation-only driving was only
0.9%, which was not statistically significant (p = 0.73, Student t-test). This observation indicated that
the addition of a second set of electrodes on the lateral faces of the piezoceramic did not produce
statistically significant variations in 77. From these results, it was observed that steering affects the n, and
that this loss of efficiency while steering will require consideration for biaxial driving. Optimization of
driving conditions can be possible by testing different frequencies in addition to the propagation
resonance. It has been previously reported[138], [139] that higher efficiencies can be achieved at

frequencies slightly off from the propagation resonance frequency. For future work, we will explore the
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use of larger elements driven at harmonic frequencies to achieve better efficiency with higher

frequencies.

For both predictions and experimental measurements, the maximum steering values were found for a p;
=1 W, while the maximum n was observed with p; =0.1 W. Table 5.4 shows a summary of the conditions
for simulations and experiments. These results suggest that there is a trade-off between 1 and the
steering angle y that must be compensated for by modifying the total amount of power applied to the
biaxial transducer when changing ¢. Regarding to 1, we could not find a statistically significant increment

(p = 0.69) while using biaxial driving.

Table 5. 4 Comparison of conditions for maximum y and n

MAXIMUM y MAXIMUM n

FEA Exp FEA Exp

vy () 309 302 -83 -25
n(%) | 224 197 365 322
o (°) 315 270 45 333
P (W) 1.0 1.0 0.1 0.1

5.3 Single element Ring-shaped transducer

The biaxial driving efficiency and steering response were described for prismatic-shaped ultrasound
transducers in section 5.1 and 5.2. As different piezoceramic shapes produce different vibration modes, a
ring-shaped transducer is proposed to be driven with a biaxial excitation due to its advantageous
geometrical form being adequate to place the two sets of electrodes required for the biaxial driving. A
3D-FEA model was used within the software Ansys Workbench to describe the conventional and biaxial
response of single-element ring-shaped transducers made of Lead Zirconate Titanate ( PZT, DL-47, Del
Piezo Specialities, LLC, West Palm Beach, FL, USA) and the results compared to a set of two fabricated ring
biaxial transducers. The purpose of the ring-shaped transducer is to compare how different the acoustic
pressure distribution is against a prismatic transducer. Prismatic transducer tends to have a non-focused
response, while ring-shaped transducers are more suitable for focusing. The biaxial driving technique and

its implications in the efficiency and acoustic pressure response are studied in this section.

The simulation consisted of a harmonic analysis performed in the range of 470 kHz to 530 kHz to cover
the first vibration modes of the piezoelectric transducer. The ring piezoceramic has an outer diameter of
12.1 mm, an inner diameter of 7.7 mm and a thickness of 3.1 mm. The ring was poled along the
propagation axis (Z), and it was enclosed in a 15 mm diameter ABS plastic disk with an inner diameter of

12.1 mm and a thickness of 4 mm. A 14 mm diameter 2 mm thickness cork disk was placed behind the
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disk to work as a support. A water cylinder with a diameter of 15 mm and a height 20.7 mm was used in
simulations as the propagation medium. The model has a mesh size of 0.625 mm. The P- (front and back
faces) and L- (outer and inner faces) electrodes were modelled as coupled equipotential sets of nodes,
and an acoustic absorption boundary condition was applied on the outer walls of the water medium to
avoid reflected waves[119], [121], [126], [132]. A damping value of
(g = 9.21x10~° was used for this simulation. Fig. 5.16 shows the complete 3D model used for the
simulation and the experimental transducer. The material properties for piezoelectric, acoustic and

structural domains are included in Appendix A.

Lateral
Electrode

Piezoceramic Piezoceramic ABS
(P-electrode) (L-electrode)

Propagation Electrode

Fig. 5. 16. Left) 3D-FEA model of a ring-shaped biaxial transducer poled along the propagation direction (Z-Axis). Right)
Experimental biaxial ring transducer.

The characteristic equations to calculate the impedance, applied electric power, acoustic power and
acoustic pressure for the FEA model are described in section 5.1. The electric impedance characterization
to determine f,. of each transducer was performed by using a vector network analyzer (ZNL3, Rode &
Schwarz, Munich, Germany). The same setup described at section 5.2.1 was used to characterize the
acoustic field of the biaxial ring transducers by measuring it with the hydrophone on the XZ-plane using a
0.5 mm-resolution step. The region covered on the X-axis ranged from —4 mm to +4 mm from the center
of the transducer while on the Z-axis, it ranged from 2 mm to 14 mm away from the transducer. The
efficiency measurements for the experimental ring transducers were performed by using the setup
described in section 5.2.2. The degree of which the ultrasound focus can be repositioned by applying the
biaxial driving technique was calculated by analyzing the acoustic beam profiles generated by the
transducer with biaxial and conventional driving by calculating the Z-component of the centroid (V) in the
XZ-plane within —6 dB of the normalized acoustic pressure distribution for conventional () and biaxial

(Wg) driving conditions for every combination of ¢ and p; at the propagation resonance frequency.
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5.3.1 Transducer driving

A single electric field was applied onto the P-electrodes of the biaxial transducer to represent the
conventional driving. The applied signal consisted of a 2-cycle sinusoidal burst, to avoid heating and
damaging the hydrophone, with a repetition frequency of 100 Hz for a power of 2 W at the propagation
fr and the electric impedance, the applied electric power (Wg) on the propagational electrode, the
acoustic power (W) on the water cylinder 5 mm away from the transducer face, the acoustic pressure

on the XZ-plane, and 7 were calculated.

For the biaxial driving of single element ring transducers, two orthogonal electric fields connected to
independent sinusoidal signals (2-cycle burst, 100 Hz repetition frequency) were applied onto the
propagation and lateral electrodes. For both, simulated and experimental transducers, the power at the
P-electrodes was kept constant at 1 W. ¢ was varied from 0° to 315° with a 45° step for p; =0.1and 1
W. The electric impedance at both electrodes, the sum of the effective electric power at both electrodes
(WEg), acoustic power (W,) on the water cylinder 5 mm away from the transducer, 7 and acoustic pressure

on the XZ-plane were calculated at every value of ¢ and p; tested.

5.3.2 Impedance analysis

The simulation predicted a f;- and impedance of 519 kHz and 320.4 Q, respectively, at the P-electrodes
and 495 kHz and 143 Q for the L-electrodes. The averaged experimental ring transducers presented a
propagation f,. of 491.3 kHz £ 2.5 kHz with an impedance value of 295.9 + 16.4 Q, and for the L-electrodes
a f, of 473.5 kHz + 12.7 kHz with an impedance value of 175.2 Q + 4.4 Q. Fig. 5.17 shows the simulated

impedance response for the ring transducer.
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Fig. 5. 17. Electric impedance at the propagation (P) and lateral (L) electrodes of the simulated (left) and experimental biaxial

ring transducer.
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5.3.3 Acoustic field analysis
The normalized acoustic pressure field along the XZ-Plane on a logarithmic scale for the simulation and
the biaxial ring transducer R; are shown in Fig. 5.18. When using conventional driving, simulations
predicted an ultrasound focal point (—6 dB) positioned at a distance of 8.6 mm and can be reduced up to
0.6 mm focal length with biaxial driving at ¢ = 360° for p; = 0.1 W. The acoustic profiles of the biaxial
ring transducer R, (top, Fig. 5.18) shows a focal point positioned at 9 mm = 0.2 mm for conventional
driving and reduced up to 4.5 mm = 0.2 mm at ¢ = 0 with p; = 1 W. Fig. 5.19 shows the simulated and
experimental results of the focal displacement as a function of ¢ at all tested p;. It is worth noting that
the acoustic field area was reduced for both cases while reducing the focal displacement, as shown in Fig.

5.20. Table 5.5 shows a summary of the findings.

A) Biaxial Transducer R,
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Fig. 5. 18. Normalized acoustic pressure fields with contours at —6 dB of the focal distance progression through the biaxial
excitation (first 3 plots from the left) compared to conventional driving (right). A) Experimental measurements for the biaxial

transducer R;. B) FEA Simulations
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Fig. 5. 20. Focal area as a function of ¢ and p; for the simulation (left) and experimental biaxial ring transducer.
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Table 5. 5 Focal displacement predicted by the simulation and experimental measurements (n=2)

Minimum distance Maximum distance Peak-peak distance
FEA
p; (W) FEA model Experiments FEA model Experiments Experiments
Model
o) | mm | ¢(°) mm OC) | mm | ¢(°) mm mm mm
0.1 0 0.4 45 8.6 (x0.2) 45 4.6 270 9.0 (x0.1) 4.2 0.4
1.0 0 1.6 0 4.5 (+0.2) 45 5.9 225 8.5 (£0.1) 43 4

5.3.4 Efficiency (17) as a function of phase and power

Simulations showed a maximum 7 of 31.7% at 519 kHz for biaxial driving at ¢ = 90° and p, = 0.1 W.

Conventional driving with 2 W at 519 kHz produced a value of n = 17.5% . When the two biaxial ring

transducers were driven through the P-electrodes alone, the average n was 32.2% at their respective

propagationf,.. Biaxial transducers R; and R, exhibited a maximum efficiency of 33.3% and 33.4%,

respectively, at p; = 0.1 W and ¢ values of 40° and 330°. The average maximal efficiency of these

transducers was 33.4%, which was higher than that of conventional driving. Fig. 5.21 illustrates variations

in 77 as a function of ¢, both experimentally and simulated, for the different values of p, tested.
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Fig. 5. 21. Average n vs ¢ for the two ring biaxial transducers (left) and corresponding FEA predictions for the same values of p;.
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5.3.5 Discussion

The simulated and experimental results for the PZT biaxial transducer demonstrated that the biaxial
driving of a single-element transducer could effectively control the focal point positioning of the
ultrasound beam by using different ¢ and p; values. To the best of our knowledge, this is the first time
that a controlled refocusing ultrasound beam from a single-element transducer has been demonstrated.
The changes in the focus displacement did not follow the previous sinusoidal response with respect to ¢
as the efficiency or the steering presented on the prismatic transducer. Instead, it follows a response
similar to an inverse parabolic shape for both cases of study. For the experimental case, decreasing the
power from 1 W to 0.1 W also reduced the capability of the biaxial driving to reduce the focal distance.
However, this was not shown on the simulations, which predicted no significant variations while reducing
p;- For both cases, the maximum focal distance tends to be at the focal point produced by conventional
driving, meaning that we can control the focal length by either reducing p; or changing ¢ . Also, the total
acoustic pressure area was reduced while decreasing the focal point distance from 19.7 mm? at
conventional driving to 1.3 mm? at ¢ = 0° and p; = 0.1 W for the simulations and from 31.1 mm? + 1.5
mm? at conventional driving to 9.2 mm? + 0.4 mm? for the averaged experimental transducers, which is a

29.6% total area reduction.

An excellent agreement could be observed between the impedance response obtained from simulations
and experiments for the PZT biaxial transducers. Relative to the prediction, the resonance frequencies of
the propagation and lateral modes showed an absolute difference between simulations and experiments
of 27.7 kHz and 21.5 kHz, corresponding to a difference of 5.3% and 4.3% with respect to the predictions.
In addition, the absolute difference in the average experimental and simulated impedance for the
propagation electrodes was 24.5 Q, while that for the L-electrodes was 32 Q, corresponding to relative
differences of 7.6% and 22.4% to the prediction. The difference in the impedance was attributed to the

clamping effect of the silicone glue used to adhere to the piezoceramic material to the casing.

The maximum value of 7 predicted by simulations was 31.7% at ¢p =90° and p; = 0.1 W, while the averaged
maximum experimental 1 with the biaxial transducers was 32.9% + 0.1% at¢ = 10° and p; = 0.1 W
resulting in a n difference of 1.7%. For both cases, 77 resulted in the previously described sinusoidal shaped
from prismatic transducers, giving a strong suggestion that regardless of the transducer shape, the
efficiency is going to have this response. For the specific case of the simulated model, the maximum biaxial

1 was 14% higher than its conventional driving. However, for the experimental cases, there was only a
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0.7% higher n when compared with conventional driving. This difference may be produced by the
simulated material properties of the cork which are just an aproximation and the silicone not included
into the simulation, which purpose was to reduce simulation time. These results for efficiency as a
function of ¢ and p; suggest that for both, the FEA biaxial model and the averaged experimental
measurements, the applied power needs to be compensated while using different focal displacements

while testing different ¢ and p; is the same acoustic power is required to keep constant.
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CHAPTER 6: BIAXIAL IMAGING PROBE

Ultrasound imaging is one of the most critical applications of piezoelectric transducers. Since sensitivity
can significantly impact the signal-to-noise ratio (SNR) in ultrasound probes, we decided to explore the
effect of the biaxial driving technique for this application. Also, the possibility to steer the beam could

open new avenues for the improvement of imaging resolution by shaping the acoustic beam.

In this work, we have obtained the initial experimental results for the biaxial driving of an ultrasound
transducer for imaging. We present the initial results on biaxial driving on reception mode and its impact
on the signal-to-noise ratio and resolution. Future work will explore the opportunities that steering can

generate for imaging applications.

6.1 Biaxial imaging prototype

A four element PZT ultrasound imaging transducer was built by the “Device Development Laboratory”
(DDL, Sunnybrook Research Institute). Fig. 6.1 shows a picture of the final device. Each element has a
length of 26 mm, thickness (propagation direction) of 0.6 mm and a width of 0.6 mm with a gap between
elements of 1 mm to 1.4 mm. On the top and bottom part of each element (propagation direction), silver
epoxy (H20E, Epoxy Technology, MA, USA) was used as conductive matching (0.14 mm-thickness) and
backing (1.9 mm-thickness) layers. It was recommended by DDL to use the device at 6 MHz. However, the

presence of ringing was detected on internal tests at DDL.

Fig. 6. 1. Four-Elements ultrasound imaging biaxial probe.
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6.1.2 Electrical Safety tests

Before connecting the probe for the first time with the 128 Vantage system (Verasonics, Kirkland, WA,
USA) a series of tests were conducted to verify the presence of short circuits on each of the four elements.
The test consisted of measuring continuity with a multimeter (Fluke 117, Fluke Corporation, WA, USA) at
the active and ground face of each element with its respective pin on the Canon ZIF connector. It was
found that electrodes 1 and 2 on element A (Fig. 6.2) had a short circuit. Due to the fragility of the
connectivity on the transducer side, and to avoid damaging to Verasonics system, it was decided not to

use element A.

Lateral Electrode (Active)
1,3,5,7
Propagation Electrode (Active)
2,4,6,8

Fig. 6. 2. Biaxial probe elements configuration.

6.1.3 Hydrophone measurements of biaxial mode

Fig. 6.3 shows the experimental setup for the acoustic field acquisition. A 0.075 mm-diameter needle
hydrophone (Precision Acoustics, Dorset, UK) was used to register the acoustic field produced by the
ultrasound probe. The hydrophone was mounted on a robotic 3D-positioner. Acoustic pressure
measurements were collected for each transducer element by placing the hydrophone 2 cm from the
central region of the transducer element. Measurements with the hydrophone were coupled, amplified
and then digitized with an oscilloscope (Waverunner XPS, LeCroy). Driving of the transducer was

performed using the 128 Vantage system (Verasonics, Kirkland, WA, USA).
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Fig. 6. 3. Left: Transducer & hydrophone setup inside a water tank. Right. Electronics setup.

6.1.3.1 Phase variation test
A series of acquisitions were performed using the Verasonics system while biaxially driving the ultrasound
probe. In this series, the L-electrodes was driven with an imaging pulse by testing different ¢ values. Fig.

6.4 shows an example of the pulses sent to each transducer element.

The test consisted of applying independently a 30 V imaging pulse to the P- and L-electrodes while
variating ¢ from 0° to 350° in steps of 10° and registering the acoustic pressure 2 cm away from the
transducer element. For comparison, acoustic pressure acquisition was performed by only driving the P-

electrodes with 30 V. For each ¢ value tested; three repetitions were performed.

0.5 0.5F

amp. (a.u.)
amp. (a.u.)

-0.5 -0.5r

0 0.5 1 15 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Periods Periods

Fig. 6. 4. Electrical imaging pulse with (left) 0° and 180° (right) phase.

Fig. 6.5 shows examples of collected pulses with the hydrophone for a P+L test with 0°, 220°, 270° and
with P-only. The shape of pulses and amplitude changes as a function of the phase applied on the L-
electrodes. It is worth noting that a phase of 270° produced a larger amplitude compared to the P-only
test, but at the same time, a broader pulse was observed, which is not optimal for imaging. The test with

220° produced a more moderate amplitude gain while preserving a short pulse duration. It Is worth noting
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the test with P-only showed a small ringing effect (a trail of supplemental pulses), which is usually
undesired for imaging as it reduces resolution. This ringing effect was already detected by the DDL during

their internal tests.

P+L0O° P+L 220° P+L 270° Only P

801
601
40

o | s R g A Ao

—404

p (kPa)

—-601

12 14 12 14 12 14 12 14
time (us}

Fig. 6. 5. Hydrophone measurements of test using the biaxial driving mode with 0°, 220° and 270°.

The peak-to-peak pressure amplitude and half-width pulse duration were -calculated for all
measurements. Fig. 6.6 shows the results per transducer element as a function of the phase applied on
the L-electrode. The biaxial effect was clearly observed as the peak-peak amplitude followed a sinusoidal
relationship with the phase applied on the L-electrode, and this trend was observed for all transducer
elements. Maximum peak amplitude gain for elements B, C and D was, respectively, 16%, 26% and 24%.
The respective optimal phases per element were 260°, 300° and 260°, respectively, for an average optimal
phase of 273°. The effect of the biaxial mode on the half-pulse transient duration, which is desired to be
as narrow as possible, was similar among three transducer elements. This duration increased several times
the baseline value for phase values close to 0° and dropped to a duration close to the baseline for phase
values around 200°. Overall, these results showed, for the first time, the biaxial effect on imaging

transducer in both the resulting amplitude and pulse shape.
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Fig. 6. 6. Measurements of the peak-peak pressure (top) and half-pulse duration (bottom) obtained with the biaxial driving
mode (P+L) in function of phase on the L-electrode for each transducer element. The biaxial mode is shown in orange and the
reference (only P-mode) in green.

Fig. 6.7 shows measurements of peak-peak amplitude and half-pulse duration when driving the
transducer using only the L-electrodes. Driving with only the L-electrodes showed a peak-pressure much
smaller than when using the P-electrodes only or when using the P+L mode. The peak pressure oscillated
several times as a function of the applied phase (4 “cycles”). The observed half-pulse durations were also

significantly wider when compared to the P-only and P+L tests.
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Fig. 6. 7. Measurements of the peak-peak pressure (top) and half-pulse duration (bottom) when driving only the L-electrode in
each element. The L-only results are shown in orange and the reference (P-only) in green.

6.1.3.2 Delay variation test

Additional tests suggested that adding a delay (on top of the change of the phase) could also influence
the biaxial effect. A set of tests were performed where the phase was varied as before and a delay to the
L-electrode signal was added. This delay was expressed in periods (T) of the central frequency, with values
from 0 to 3T in steps of 0.5T. It is worth noting that the imaging pulse in fig. 6.4 lasted 3 periods. The
hypothesis was that different gains of the P+L mode could be observed by adding fractions of periods in
the signal applied in the L-electrodes. Fig. 6.8 and 6.9 show, respectively, the peak-peak amplitude and
half-pulse duration of the different tested delays. These tests were performed on element D of the

transducer.
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Fig. 6. 9. Measurements of the half-pulse duration obtained with the biaxial mode (P+L) for the test with additional delay in the
signal applied in the L-electrodes. The biaxial mode is shown in orange and the reference (P-mode) in green.

Results showed that the biaxial mode was modified by introducing an additional delay. The gain increased
with the delay until reaching a maximum for a delay of 2T and a phase of 340°. The gain for this case was
50%, which was double that obtained when using a delay of OT (24%). The half-pulse duration for this
configuration was 0.22 s, which was 22% larger than the reference duration of 0.18 pus. It is worth noting
that the configuration with 2.5T and a phase of 160° produced a gain of 46%, while reducing the half-

pulse duration to 0.195 ps, which is only 8% larger than the reference duration.
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6.1.4 Imaging tests
As shown in Fig. 6.10, a nylon wire with a diameter of 0.36 mm was used as reflector to test imaging with
the biphasic prototype. The wire was placed 2 cm from the imaging transducer, crossing the central region

of the transducer elements.

Nylon wire
B
>
C 2¢cm
D
-\ B CD
X x
— Transducer elements —
z Y

Fig. 6. 10. Reflector setup used for imaging test.

The Verasonics equipment was programmed to create planar B-mode images. Raw RF-data was acquired
per electrode, and different tests were performed to evaluate several scenarios of the biaxial driving
method applied for imaging. Verasonics vantage system allows the use of a TGC up to 40 dB implemented
at 8 equally spaced regions over the recieved acquisition. A TGC of 27 dB was applied in the region of the
nylon wire. This gain was kept constant in all tests. B-mode images were reconstructed with the envelope
profile of the Hilbert transform of the RF data. Each experiment consisted of the capture of 100 frames,

and each experiment was repeated 5 times, for a total of 500 frames.

6.1.4.1 Driving only P-electrodes with reception only at P-electrodes

This test was used as the reference where the transducer was driven and its reading captured in traditional
ultrasound imaging configuration. Fig. 6.11 shows an example of an RF echo-pulse observed in the P-
electrodes of the elements B, C and D. The nylon-wire reflector is clearly visible at 2 cm. It was also
identified noise-related pulses coming from electrical interference in the cables. These noise-related
pulses appeared at “random” locations in the captured data pulse. Fig. 6.12 shows three B-mode images
(one of the images is formed using the RF data from Fig. 6.11) reconstructed by the planar scan, showing
the presence of the nylon and the noise pulses. Table 6.1 (best metrics highlighted) shows the average
(%s.d.) peak-peak amplitude, axial resolution (half-pulse width) and signal-to-noise ratio (SNR) for each
transducer element. The central transducer (C) showed the best imaging metrics of the reflector. SNR was

calculated using the peak amplitude and the noise region between 16 and 18 mm.
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Table 6. 1 Only P-electrodes driving & reception measurements

TX element B C D
Peak-peak amplitude (a.u.) | 67 (£2.9) 162 (1) | 113(£3.2)
Axial resolution (mm) 4.6(£2.9) 0.7(£1) 3.7(£3.2)
SNR 15.2(+2.7) | 23.3(x2.3) | 19(+2.9)
201
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Fig. 6. 11. Echo signal examples for P-electrodes reception on elements B, C and D.
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Fig. 6. 12. Three reconstructed frames for the transducer elements with only the P-mode for driving and reception. The nylon

wire is observed at 2 cm.
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6.1.4.2 Driving P+L electrodes with reception at P+L electrodes

The optimal phase for each element established in section 6.1.3 was programmed for each corresponding
L-electrode. Fig. 6.13 shows an example of the RF signals recorded on the P- and L-electrodes of element
C. Signals on the L-electrodes showed shapes with a slightly smaller amplitude compared to the signals
recorded in the P-electrodes. Direct summation of the P- and L-signals showed an increase in the peak
amplitude but also of the noise pulses. The imaging metrics were calculated as in section 6.1.4.1 for the
images produced using P, L and P+L RF data. Fig. 6.14 shows an example of reconstructed B-mode images
and Table 6.2 (best metrics highlighted) shows the imaging metrics, including all datasets.
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Fig. 6. 13. Echo signal examples for P- and L-electrodes and their sum (elements C).
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Fig. 6. 14. Three reconstructed frames while driving the transducer elements with the P+L mode and reception at P-, L- and P+L
electrodes.

102



Table 6. 2 P-, L- and P+L driving while P+L reception measurements. Best metrics are highlighted.

Transducer Peak-peak Axial
Element Source data amplitude resolution SNR (dB)

(a.u.) (mm)

B P 141.4(+14.0) 1.6(+2.2)* 19.8(+1.4)*

L 90.9(+8.9) 1.9(+2.3)) 16.8(1.2)

P+L 179.4(+18.9)* 2.0(+2.2) 17.4(+1.5)

C P 206.2(+12.3) 1.4(+1.6) 23.5(+1.3)*

L 157.0(+10.2) 0.8(+0.1)* 23.4(+1.1)

P+L 247.6(+18.4)* 1.7(+2.1) 20.8(+1.3)

P 121.2(+25.5) 2.7(2.2) 19.9(+3.2)*

D L 82.7(15.9) 2.4(+2.3)* 19.1(+2.8)

P+L 168.8(+53.6)* 3.2(+2.3) 18.3(+3.8)

Compared to images reconstructed with the P-electrodes only, images obtained with the L-electrodes
only showed less intense pixels but with comparable SNR and better axial resolution. Data also indicated
that a simple sum of P- and L-electrodes RF data (P+L) likewise produced brighter pixels, also with
degradation in SNR. When using such sum, a loss of 2.7 dB in element C was observed compared to P-
only. A severe degradation in axial resolution was also observed for element C when compared to L-only.

6.1.4.3 Biaxial method on reception

The analysis of RF data indicated that the noise pulses signals on the P-electrodes and L-electrodes were
for the most in phase. More importantly, it was also noticed that the pulse shapes of the reflector in the
P-electrodes and L-electrodes were out of phase. We hypothesized then that the biaxial effect can also be
applicable in reception mode, meaning that there is an optimal re-phase of the signal in the L-electrode
that can be added to the signal of the P-electrode to increase image quality. It was anticipated that with
this new approach, the noise should be reduced, increasing both the SNR and peak-peak amplitude, while

enhancing the axial resolution.

The same metrics of the axial resolution, peak-peak amplitude and SNR were used to establish the optimal
phase to be applied to the reception mode of the L-electrode. The SNR metric was clearly the most robust

and consistent. A pseudo-code of the method is described as follows:
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1. Calculate in X the fast Fourier transform (FFT) of L-data:
X=FFT(L-data)
2. For each phase (¢, in radians) from 0 to 2m:
a. Calculate the Y vector (same size as X) in the frequency domain that shifts all the

frequency spectrum by ¢ with

N
. (=)
Y(n) =e /**" N

where n is the position in the spectrum and N is the size of the X vector
b. Calculate vector Z = X X Y in the frequency domain
c. Apply inverse fast Fourier transform (FFT?) to Z to calculate L-rotated:
L-rotated = FFT*(2)
d. Add L-rotated to P-data to obtain P+L-rotated
e. Calculate the SNR of P+L-rotated

3. The optimal ¢is the one producing the highest SNR.

Fig. 6.15 shows an example plot for one of the acquisitions of the SNR of P+L-rotated signal in function of
@. Results in the plot indicated that by applying a rotation on the L-signal the SNR can be improved
significantly between 5 and 7 dB. The optimal phase (around 300°) is similar for all elements and very
close to the optimal phase established in the tests to increase the pressure (section 6.1.3), which indicated
that the physical process in the piezoelectric material to increase the pressure and to improve imaging
quality are linked. Table 6.3 (best metrics highlighted) shows the imaging metrics of the P+L-rotated signal
among all tests, including the average of the optimal phase at each electrode. SNR and axial resolution
showed significant improvement when using the new P+L-rotated signal. Compared to images
reconstructed with P-data, on average, the improvement of the SNR ranged from +3.6dB in element D to
+5.4 dB in element C. Axial resolution improved from 18% in the element B to 43% in the element C. Fig.
6.16 shows an example of the reconstructed images with P, L, P+L and P+L-rotated RF data. The image

reconstructed with P+L-rotated data shows a better-delineated object with less visible noise in the image.
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Fig. 6. 15. Example of SNR for the P+L rotated signals as a function of the applied phase ¢ for each element.
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Fig. 6. 16. Reconstructed image example for the P, L, P+L and P+L rotated RF data.

Table 6. 3 P+L rotated measurements. Best metrics compared to Table 6.2 are highlighted.

Transducer Peak-peak Axial Optimal phase
Element Source data amplitude resolution SNR (dB) (°)
(a.u.) (mm)
B P+L-rotated 165(+11) 1.3(+1.8)* 24.4(+1.3)* 295(+12)
c P+L-rotated 268(+16) 0.8(+0.11)* 28.9 (+1.2)* 269(+15)
D P+L-rotated 143(32) 2.1 (¥2.1)* 23.5(+2.5)* 252(+56)

6.1.4.4 Driving P+L electrodes + delay with reception at P+L electrodes

The results of section 6.1.3.2 indicated that adding an additional delay to the rotated field in the L-
electrodes can improve the transmitted pulse. We then performed a series of tests adding a 2T delay with
a phase of 340° (Table 6.4) and a 2.5T delay with a phase of 160° (Table 6.5). Adding the delay further
improved the quality of the imaging metrics. The P+L-rotated test with 2T produced the best improvement
in the axial resolution among all tests, showing 1.1 mm, 0.8 mm and 0.8 mm for elements B, C and D,
respectively. The P+L-rotated test with 2.5T and the P+L-rotated RF data produced the highest gain in SNR
among all tests showing a remarkable average gain of +12.4 dB, +5.8dB and +11.6dB for elements B, C and
D, respectively. Also, the tests with delays of 2T and 2.5T produced SNR levels among elements that were
the closest among them. Fig. 6.17 shows an example of RF data for 2T. The P+L-rotated shows the larger
amplitude while suppressing noise and narrowing the pulse shape. Fig. 6.18 shows a comparison of a
reference image with an image obtained with a delay of 2.5T and P+L-rotated. The latter test shows a

much more homogenous intensity of the nylon wire among all elements.

105



Table 6. 4 P+L driving mode with P-, L-, P+L and P+L rotated receiving mode (2T electrode) measurements. Best metrics are

highlighted.
Peak-peak Axial
Transducer Optimal phase
amplitude resolution
Element Source data SNR (dB) ()
(a.u.) (mm)
3 135.8(+15.0) 3.6(+3.0) 21.4(£3.7)
L 77.7(£8.9) 3.2(+2.9)) 19.1(+2.8)
B
P+L 182.4(+28.2)* 4.2(£3.2) 20.0(3.6)
P+L-rotated 176.8(+17.7) 1.1(+1.0)* 25.8(+3.0)* 282.7(+33.4)
P 147.4(+13.9) 2.7(+2.6) 22.5(+3.6))
L 103.2(£7.0) 2.4(x1.4) 22.1(£2.6)
C
P+L 180.8(+23.1) 4.4(£2.5) 20.4(+3.4)
P+L-rotated 212.5(+18.5)* 0.8(+0.6)* 26.4(+2.9)* 254.4(+41.4)
P 202.6(+24.6) 3.2(+3.0) 22.2(+4.4)
L 109.5(+15.2) 3.6(+3.0) 21.2(£3.7)
D P+L 243.3(+56.2) 4.4(£3.2) 20.3(+4.3)
P+L-rotated 255.9(+34.8)* 0.8(+0.9)* 27.6(+4.1)* 268.6(+31.5)
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Table 6. 5 P+L driving mode with P-, L-, P+L and P+L rotated receiving mode (2.5T L-electrode) measurements. Best metrics are

highlighted.
Peak-peak Axial
Transducer Optimal phase
amplitude resolution
Element Source data SNR (dB) ()
(a.u.) (mm)

P 137.1(+10.9) 4.4(£3.2) 22.1(£2.6)
L 81.4(+7.2) 4.3(£3.1) 19.8(+1.9)

B
P+L 191.6(+21.0)* 4.4(£3.2) 20.8(+2.6)
P+L-rotated 109.4(26.5) 3.1(+3.1)* 27.6(+2.0)* 275.8(+20.0)
P 147.4(+13.9) 3.8(+3.2) 24.1(£2.6)
L 103.2(+7.0) 3.4(+2.7) 24.3(£2.1)

C
P+L 190.6(+17.2) 4.7(+2.8) 21.9(+2.6)
P+L-rotated 242.3(+14.7)* 0.8(+1.0)* 29.1(+1.9)* 261.2(+28.7)
P 210.7(+18.9) 4.2(£3.3) 24.4(+3.4)
L 119.2(+10.6) 4.2(£3.2) 22.5(+2.8)

D P+L 261.8(+44.6) 4.3(£3.2) 22.3(+3.6)
P+L-rotated 270.6(+18.5)* 2.0(+2.7)* 30.6(+2.6)* 267.1(13.2)
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Fig. 6. 17. RF echo signals from P-, L-, P+L and P+L rotated receiving mode with a 2T delay.
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Fig. 6. 18. Comparison of a reconstructed reference (P-only) image with a P+L rotated receiving mode + 2.5T delay reconstructed
image.

6.1.4.5 Driving only P-electrodes with a reception at P and L electrodes

A series of tests were done by driving only the P-electrode and receiving in both electrodes and applying
the biaxial method on reception. It was hypothesized that the biaxial driving technique applied to
reception would increase the image quality of pulses generated using only the P-electrodes. Table 6.6
(best metrics highlighted) shows the imaging metrics of this approach. Compared to the reference (Table
6.1), results confirmed that the biaxial technique on reception, while the driving transmission only with
the P-electrode, improved the image quality significantly. Compared to driving both P+L electrodes, the
central element of the transducer improved the axial resolution significantly from 0.8 mm to 0.5 mm. The
SNR level was lower for the three transducer elements when both P+L electrodes were used for driving

(Tables 6.3, 6.4 and 6.3).
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Peak-peak Axial
Transducer Optimal phase
amplitude resolution
Element Source data SNR (dB) (°)
(a.u.) (mm)
P 61.9(+12.8) 5.9(£3.3) 14.8(£2.7)
L 61.9(+12.8) 5.6(£3.2) 14.3(£2.0)
° P+L 88.0(+22.3)* 6.7(+3.5) 13.7(+2.8)
P+L-rotated 74.0(+14.0) 2.4(+2.3)* 19.0(+2.3)* 270.3(+45.8)
P 169.4(+17.0) 0.7(+0.8) 23.4(+2.0)
L 98.8(+8.2) 0.7(+0.8) 22.8(+1.6)
¢ P+L 179.2(+15.4) 1.5(1.9) 19.6(+1.9)
P+L-rotated 227.5(+18.3)* 0.5(+0.1) 28.8(+1.7)* 267.1(16.7)
P 107.1(+18.7) 4.5(£3.1) 18.3(£3.0)
L 60.3(+12.8) 5.3(£3.4) 16.6(£2.9)
D P+L 139.9(+35.8)* 5.9(+3.5) 16.1(+3.2)
P+L-rotated 110.4(+23.6) 1.6(+1.9) 22.6(+2.8)* 270.0(+40.9)

Table 6. 6 Only P driving mode with P-, L-, P+L and P+L rotated receiving mode measurements. Best metrics are highlighted.
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CHAPTER 7: FINAL DISCUSSION, CONCLUSIONS AND FUTURE WORK

Research conclusions

The feasibility of applying the biaxial driving technique to ferroelectric materials was presented in this
investigation with the purpose of increasing the overall acoustic efficiency and the distribution of the
acoustic field. This technique consists of applying two dephased orthogonal electrical fields to a
piezoelectric actuator. In this research work, biaxial transducers with different ferroelectric elements
were simulated with finite element analysis and PZT transducers characterized by using a radiation force
method to calculate the acoustic efficiency relative to the phase and power delivered to both modes and
a hydrophone system to characterize the acoustic field. Also, we presented the application of the biaxial
driving method for imaging, and we discovered how this biaxial method could be applied in reception
mode to improve image quality.

For single-element transducers, the results revealed an overall reduction in power consumption in
comparison to single-mode due to the fact that a higher efficiency was reached when only a fraction of
the power that is used on the propagation electrode needs to be applied to the lateral electrode on biaxial
mode transducers. The results indicate that with the proper phase and power, a single element PZT
transducer driven biaxially can increase its efficiency up to 10% when compared to a conventional single
electric field transducer with the same configuration, however this is not statistically significant for this
range of total power applied. It has been shown, for the first time, that controlled steering can be achieved
in single-element prismatic shaped ultrasound transducers using the biaxial driving technique. Steering
angles up to 30° can be achieved using a single-element and two orthogonal driving signals. It was also
demonstrated that a controlled refocusing from 4.5 mm to 9 mm could be achieved with single-element
ring transducers by applying the biaxial driving technique. A good agreement was found between finite
element simulations and experimental results; the frequency response differed by a maximum of 5.4%
and the efficiency by 17.7% on the prismatic transducers; these differences can be attributed to the
clamping effect of the sillicone glue used to adhere the piezoceramic material to the ABS casing on the
lateral faces. It has also been demonstrated that the addition of the second set of electrodes does not
affect the efficiency of ultrasound transducers. It is worth mentioning that the addition of the second set
of electrodes into the piezoceramic will require twice the amount of cables and electronics required to
drive the transducer element, which will have to be considered in the production of biaxial transducer
phased-arrays.

The first ultrasound imaging device based on the biaxial driving technique was fabricated and
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characterized. A sinusoidal response was observed on the acoustic pressure was observed, but the gain
in terms of direct energy efficiency was short of what has been observed for narrow-band devices.
Nevertheless, the biaxial method showed a relevant improvement on the signal to noise ratio and axial
resolution for image reconstruction by combining the biaxial effect in transmission and a numerically-
based biaxial method in reception.

In summary, the results in this work clearly indicate that the biaxial method will provide significant new
opportunities to design a new generation of ultrasound transducers. The potential gain in ultrasound
focusing and processing in reception using the biaxial method will be of great value for multiple

applications, especially in medical therapy and imaging.

Future work

This work has shown the first study of the biaxial driving applications, covering the steering, refocusing
and efficiency properties for single-elements ultrasound transducers and the advantages into a first
prototype of an imaging probe. Regarding the efficiency response, results did not show a statistically
significance for biaxial driving, however, the biaxial driving relies into the reduction of the coercive field
and hence into the hysteresis response of a ferroelectric material, which means that there is a study
opportunity to increase more the efficiency during high power transducer applications. Also, the use of a
balanced voltage and a reduced area size of the lateral electrodes might help to improve the efficiency

response and have a better control to the steering capability.

It was not include within this first study, but an analysis of the electric field vectors and its possible relation
with the steering angles and vibration modes would be a feasible study, specially to reduce

characterization time.

The capability of the biaxial driving to produce a steering response is one of the most interesting
properties developed within this research project and hence the application of a 3™ set of electrodes
within a prismatic shaped transducer to produce a three dimensional acoustic beam steering is a project
that needs to be developed as soon as possible to cover the limitatios of most linear and phase arrays. In
addition, the experimental validation of this work was aimed to low frequencies applications within the
range of 150 kHz to 500 kHz for the narrowband transducers, so higher frequencies ferroelectric materials

either by reducin the thickness or testing the harmonics would be a huge advantage for the future.

The ring shaped transducers showed a refocusing property that is only possible with phased arrays or

physically moving the transducer. This refocusing property is highly desired for BBB opening experiments
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and neuromodulation and neurostimulation applications. The development of an array of ring transducers

to reduce the focal spot at lower frequencies is one applciation that needs to be considered.

Finally, the first prototype of an imaging transducer showed some promising applications to reduce the
SNR of the signal, so an ultrasound probe with a higher number of elements would be a feasible option to

keep developing the biaxial driving in imaging.
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CONTRIBUTIONS.

The results obtained for the steering effect of single-element transducers with biaxial driving were

accepted to be published in a scientific journal :

» Delgado, S., Curiel, L. & Pichardo, S. Steering Single-Element Lead Zirconate Titanate Ultrasound
Transducers using Biaxial Driving. Ultrasonics (2021). Volume 110, February 2021. 106241.
Published online https://doi.org/10.1016/j.ultras.2020.106241

In addition to the publication, a patent application was submitted on January 2020 for the steering

technology,

» Samuel Pichardo, Laura Curiel, Sagid Delgado. SYSTEMS AND METHODS FOR CONTROLLING
DIRECTIONAL PROPERTIES OF ULTRASOUND TRANSDUCERS VIA BIPHASIC ACTUATION.
Provisional patent application, PCT # 62959616. Submitted Jan 10, 2020.

A second patent application covering the improvement for the image quality of ultrasound transducers

with the biaxial driving in transmission and reception is under preparation,

» Samuel Pichardo, Laura Curiel, Sagid Delgado, Oleg Rubel. Method to improve quality of
ultrasound imaging using rotational electric field (biphasic) in ferroelectric materials and devices.

Submission Pending.

Several international conference papers were accepted to be published describing the efficiency and

steering advantages of driving ultrasound transducers with the biaxial technique,

> Delgado, S., Curiel, L. & Pichardo, S. Steering Single-Element Ferroelectric Materials Using Biaxial
Driving. 2020 IEEE International Ultrasonics Symposium (2020).

» Delgado, S., Curiel, L. & Pichardo, S. Application of the Biaxial Driving Method To Focus Ultrasound
Using Only Two Electric Signals. 2020 IEEE International Ultrasonics Symposium (2020).

» Delgado, S., Curiel, L. & Pichardo, S. Improvement of Focusing in 2D phased Arrays Using the
Biaxial Driving Method: A Numerical Study. 2020 IEEE International Ultrasonics Symposium (2020).

» Delgado, S., Curiel, L., Rubel, O., Da Silva, G. & Pichardo, S. Optimal phase on biaxial driven
transducers based only on electrical power measurements. 2017 IEEE International Ultrasonics

Symposium (2017).
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Finally, the significant discoveries identified in this work (especially in terms of intellectual property)

helped to create the company Novus Tx Inc. (www.novustx-devices.com) , in which | am a founding

member.

Appendix A. Material properties

Piezoelectric material properties

Stiffness matrix at constant E
PZT | BaTiO;3 | LiNbO,
(10N - m™2)
CH 15.6 | 17.2 2.03
CE 8.9 7.5 0.57
CE 8.8 8.5 0.75
CE, 0 0 0.09
Ci; 13.2 | 174 2.42
CE, 3.1 4.6 0.6
c& 34 | 48 0.73
Piezoelectric constant
PZT | BaTiO; | LiNbO,
(C-m~2)
ess 143 | 10.8 3.8
€2 0 0 2.4
31 49 | -0.7 0.2
€33 185 | 15.7 1.3
Dielectric matrix at
PZT | BaTiO; | LiNbO;
constant strain

gfl 960 | 960 44.3
g§3 870 | 875 27.9
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PZT | BaTiO3; | LiNbO4
Density (Kg - cm™3) | 7800 | 5600 4650
Acoustic material properties
Water | Air
Density (Kg - cm™3) 1000 | 1.24
Speed of sound (m +s™2) | 1500 | 343
Structural material properties
ABS-plastic Silicone Cork
Density (Kg - cm™3) 1040 930 240
Youngs modulus (MPa) 2390 2.068 11
Poisson ratio 0.399 0.4995 0.2
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Appendix B. Materials IEEE to ANSYS format

IEEE [e]

X réi1 €12 €13
YV |€21 €22 €23
Z |€31 €32 €33
VZ €41 €42 €43
XZ|€s51 €53 €53
XY L€g1 €62 €63
IEEE [e]

x [d11 d12 di3]
y [dz21 d22 das
Z |d3q d3; d33
YZ|dyq dyy das
jgz dsq ds; ds3
Yldg, dg; des

for the elastic stiffness (c) matrix

IEEE [c]

Xy zZ YZ XZ Xy

ANSYS [e]

X r€11 €12 €13
Yy |€21 €22 €23
Z |€31 €32 €33
Xy |€s1 €62 €63
YZ|€41 €42 €43
xz lésy €53 €53

ANSYS [e]

x [d11 d12 d13]
y dyq dy; da3
z |d3q d3; d33
xy|de1 dez des
Y2 dyy dyy das
*2lds, ds, dss

ANSYS [c]

Xy zZ Yz XZ Xy

€11€12€13C14C15C167 X €11€12€13€16C14C157 X
€21€22€23C24C25C26 | Y €21€22€23C26C24C25 | y
C31C32€33C34C35C36 | Z €31C32€33C36C34C35| Z
C41C42C43C44Cy5C6 | VZ C41C42C43C66C46C56 | XY
C51C52C53C54C55C56 | XZ C51C52C53C64C44C54 | YZ
C61€62C63C64C65C664 XY C61C62C63C65C45C551 Xz

And finally, for the anisotropic elastic compliance (S) matrix

IEEE [S]

511512513 0 0
521522523 0 0
S31532833 0 0
0 0 05440
0 0 0 03Sss
0 0 0 0 0 Ses

SO OO O

ANSYS [S]

5115125130 0 0
$215225,30 0 0
531532833 0 0 O
0 0 0560 O
0 0 0 05440
0 00 0 0Sss
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