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Abstract

Transducer arrays openagi above 15 MHz enable real time high resolution imaging
of tissue, capablef resolving features below 2afh. Clinical applications such as
oncdogy and gastroenterology coulgignificantly benefit fromthe improved
resolution fotigh frequency ultrasouh(HFUS) characterization of tissues. However,
this is presently challenging due teetlimited penetration depth BfFUS andlimited

access.

Since the device diansions scale with imaging wavelength, it becomes feasible to
integrate HF G arrays with inteventional toossuch as biopsy needles. Although there
are many design and fabrication challenges associatednetttporatingransduces

with interventional tools such as biopsy needles, it creates opportunities for timely and
accurate characterisatiof tissue, lading toin-vivo pathology.

This studyrepors progress in the development of fabrication processes for miniature
linear arrag suitable for integration wittbiopsy needles. While patterning high
frequency transducer arrays based on piezoositgs hasden shown to be feasible,
there remain many challenges to miniaturize the interconnect and cabling of an
ultrasound probesuitable forin vivo pathology.Novel packaging techniques for
integrating an ultrasound array into a neaudze developg Wafer scale fabrication

wasadopted to reduce the overall cost of fabrication.

Microfabrication and precision micromachining processesre developed to

overcome the tectical challenges in fabricatinginiature arrays operating up to 25
MHz. Array elenents are defined by precision dicing and tleeessary external flex
circuit calding wasfed through the needlé flexible printed circuit is connected to

back surfacelectrodes using lovwemperaturéoonding methods.

A flex circuit connected to the-3 piezocompositevaspatternedvith 60 pumpitch to
define array elementsuitable for a 25 MHz linear array. The polyimide flexible
printed circuit, with fine pitch tracesjastwisted into a helicastructure so that it can
fit within the core of the biopspeedle and permit large numbers ofnedmts and

electrode traces.



The spirathelical flexi-circuit design wasdeveloped as a way to fit multiple
conductive tracks into a needle. The definition of faiteh conductie tracks on
polyimide polymer was aatved usingdry-film photoresist and the application of a

megasonic transducer to provide agitation and small bubbles for copper etching.

Investigation and evaluation ¢dw temperature bonding methods was undertaken.
This overcomes the problem of usihmgh temperature methods on the temperature
sensitivesingle crystal materials. Bonding techniques such as ultrasonic bonding and
magnetically aligned anisotropic UV curable epoxy were investigated.

A Resolution integral was applied to simulated beam m@sta way of evaluating
transducers at a design stage. This considers the ultrasound beams and a measure of
the beam at6 dB is taken as the lateral resolution. This is measured over the depth of
field. A transducer with a higher resolution integral veblodve a narrow beam over a

long distance

The process was validated with a single element transducers maderfessnale

single crystal composites involving PMRT and Manganese doped Lead Indium
NiobateLead Magnesium NiobateLead Titanate @MIN-PMN-PT). These were
fabricated using the conventional dice and fill method, and incorporateddaties

and tested. These composites had pitches as small as 50 pm with kerf of 18 um.

Images were generated using these transducers.

Arrays operating at 5 MHznal 15 MHz were fabricatedlhe fabrication process
development and testing demonstdatee feasibility of a linear array integrated into a

biopsy needle. Thextension of the fabrication prases to higher frequency arrays.
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Below is a listof symbolsand abbreviationssedin this Thesis. Other expressions
are defined in the text as appropriate.

List of Symbols

pum Micrometer

Au Gold

Cc Acoustic Velocity

c/V Speed / velocity

cP Elastic stiffness at constant displacement
cE Elastic stiffness at constant electric field
Cr Chromium

D Electric displacement

d Sample thickness

ds3 Transmission coefficient

dB Decibels

E Electric field

f Operating frequency of the transducer
f# f-number

fa Anti-resonance frequencies

fe Electrical resonance frequency

fm Mechanical resonance frequency

fr Resonance frequency

033 Reception coefficien

k33 Longitudinal coupling coefficient

kHz Kilohertz

Kt Electromechanical coupling coefficient
LNO Lithium niobate

MHz Megahertz

MRayl MegaRayleigh

N Length of the near field

Xi
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Pitch
Focal length
Strain

Specific elatic compliances at constant displacement

Specific elastic compliances at constant electric field

Stress
Time

Curie Temperature

Time duration for the pulse amplitude to decay@aB of its

maximum amplitude

Longitudnal velocity

Sound velocity in tissue

Sound velocity in water

Distance between the two transducers
Acoustic impedance

Electrical impedance

Attenuation coefficient

Time of flight

Dielectric constant

Clampeddielectric permittivity
Relative permittivity at constant strain
Relative permittivity at constant stress
Permittivity at constant strain
Permittivity at constant stress
Wavelength

Density

Ohms

Xii
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4D
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Mn-PIN- PMN-PT

MRI
OCT
oD
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threedimensional
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Anisotropic conductive adhesive

Anisotropic conductive film

Capacitive micromachined ultrasound transducer
Computed tomography

Engineeing and Physical Science Research Council
Finite element analysis

French size

High frequency ultrasound

Isotropic conductive adhesive

Inner diameter

Institute for Medical Science and Technology

Internatonal Organization for Standardization

Integrated Silicon Piezoelectric Ultrasound Devices project.

Intravascular Ultrasound

Micro Systems Engineering Centre

Manganese doped Lead Indium Niobhtad Magnesium

NiobaeLead Titanate

Magnetic resonance imaging
Optical Coherence Tomography
Outer diameters

One dimensional modelling

Phosphate buffered saline
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PET Positron emission tomography

PMN-PT Lead magnesium niobatead titanag
PRAP Piezoelectric Resonance Analysis Program
PVDF Poly(vinylidene fluoride)

PZT Lead Zirconate titanate

PZT Lead zirconate titanate

Ra Axial resolution

RF Radio frequency

R Lateral resolution

SNR Signal to noise ratio

SWG Standard Wire Gauge

TSV Through silicon via

UBM Ultrasound biomicroscopes

uv Ultraviolet

VF Volume fraction
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Chapter 1: Introduction

CHAPTHEBR

| nt roducti on

Chapter profile

This chaptergives a gemal overview of medical ultrasound imaging, explaining
where it startedndthe current trends as well as predicting the future developments.

It also presents the rationale of the thesis, detailing the main aims of the research. The

thesis structure, theagement of original work anare also atlined in thischapter

1.1 Medical Ultrasound Imaging

Ultrasound is defined as sound waves operating at frequencies above the human
hearing frequenciimit of 20 kHz(Lutz and Buscarini 2011 Conventional medical
diagnostic ultrasound transducers have an operational frequency of between 1 MHz
and 15 MHz (Szabo 2004 with the current commercially available systems using
arrays of piezoelectric transducers to produce-dwaeensional (2D) or three
dimensional (3D) images of the region of interest. The transducer is excited by a pulsed
voltage and in response it emisrasound pulses, which travel through the tissues and
organs. The reflected echoes from the tissues and organs are detected by the same
transducer and converted into a voltage. These electrical signals are used to reconstruct

the image of the tissuestime path of the sound waves.

1.1.1 History of ultrasound

The application of ultrasound as a medical diagnostic tool is credited to the second half
of the twentieth century. The physics and principles of operations have however
existed as early as 1842 when Ghan Doppler published his work on what is now
known as the Doppler shifiboppler 1842; Censor 1984; HagAnsert 2006; McNay

and Feming 1999) In 1877 Lord Rayleigh published the theory of sound, with the



Chapter 1: Introduction

piezoelectric effecbeingdescribed in 1880 by the brothers; Jacques and Pierre Curie
(Strutt 1877; Curie and Curie 1880b; Curie and Curie 1880a; Mason 1981; Ballato
1996) These and many other findings contributed substantially to what is now used as
medical ultrasoundThe 1958 saw great steps towards whsitthe presentay
ultrasound imaging system whémofessorlan Donald along wittMr Tom Brown
carried out experiments to produceséan images of human tissue. These images were
able to provide convincing evidence of differences in the signals obtaoradstlid

and simple cystic tissueonald et al. 1958; HageAnsert 2006; McNay and
Fleming 1999)Donald and Brown also developed practical eaHscBn technology

and investigated obstetric applications for ultrasound. Another notable name in the use
of ultrasound in medicine is Karl TheoddBeissick in Austria who published his
preliminary findings in 1942Dussik 1942) suggestingthat he was able to use
ultrasound for detecting intracranial tumours by 1@assik 1947; Shampo and Kyle
1995)

Most early work using ultrasound in medicine was undertakembstetrics and
gynaecologypatients but ultrasound has since expanded in its applications now
including, but not limited to tumour growth, blood flow measurements and blood
vessel blockage detection. The discovery and integration of microchipstnasound
systems in the 1970scilitated exponential growth in processing power, leading to
the introduction of faster and more powerful systems with digital Heaming, signal
processing, and new ways of developing and displaying (gtans 2004) These
developments triggered a movement from mechanical scanning with siegleng

transducers to the use of electronically controlled arrays for obtaining images.

1.1.2 Current ultrasound usage

The newest ultrasound imaging systemsehedvanced functions such assabgraphy

and harmonic imaging which give more information aboutifisei¢ of interest. Three
dimensional imaging is also among the recent advances to be introduced in clinical
ultrasound systems. Increased interest in the use of ultrasound has led to identification
of numerous areas of application and led to improvemartteeioverall performance

the systems. The future of ultrasound gimg is predicted to produce 3D tomography,
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picking up small details that are missed by the current 4D systems. The 4D technology
permits taking a-&8limensional image in real tin{dlelson 2006)The 4" dimension is

time.

The medtal application of ultrasound is rapidly growing and now closely follows X
rays as the most commonly used imaging modality around the ¢&inlichg 2011;
www.researchandmarkets.com 2012Jhe current global market for medical
ultrasound is approximately US$5.6 billion with a projected increase to US$8.1 billion
by 2017 which gives a compound annual growth rate of gR28éter et al. 2000)
Trolley-based systems are the most common but there is a developing trend of device
miniaturisaton. This miniaturisation trend is seen in the transducers themselves and
the imaging systems as a whole, as the trolleys become fyp®portable systems.

The miniaturisation of devices correlates closely with developing systems that use high

frequencwltrasound for btaining high resolution images.

1.1.3 High resolution ultrasound

When technological advances in ultrasound imaging are used in combination with high
frequency transducers, more avenues for clinical applications are opened. The main
advantagef using high frequency ultrasound is improved resolution, which is related
to the transducer wavelenditockwood et al. 1996)The resolution is improved from
approximately 1 mnof the conventional transducets better than 100 pmith
transducers operating above 25 MHhe improved resolution has the potential to
help in identifing small features such as tumours on the order a few cells thick. The
limitation of the high frequency transducers however, is that the penetration into the

tissue is reduced

There is an unmet clinical need for imaging fseale features such as shtamours

deep in the tissue or body. High resolution images from such regions would enable
easy collection of biopsies or a potential ifmvivo pathological investigation if the
probe can be made small enough and positioned close to the tissue regterest.

The size of an ultrasound transducer scales with the imaging wavelength, which is
inversely proportional to the operational frequency. Therefore, increasing the

frequency leads to smaller transducer dimensions. This has over the years ghresente
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great challenges in achieving high frequency transducers, particalaai}s operating
above 20 MHzWith recent advances in piezoelectric materials and microfabrication
techniques, it has now become possible to explore the developnesntiretievices

with millimetre scale dimensions for imaging well beyond-millimetre resolution.

1.2 Needle biopsies

Existing imaging modalitiessuch as MRI, CT and -Xays are limited in their
application. In instances such as prostate cattemost used modality idtrasound
imaging(Chopra et al. 2008 his however, is limitetb the lower (~1 mm) resolution

of the current commercially available transducers and the probe design does not allow

easy access to the region of interest.

Biopsies of tissue are commonly collected where further examination of tissue or
staging of diseasusing optical microscopy is required. Biopsy needles are positioned
by a clinician in the region of interest, often using guidance from an imaging modality.
Breast imaging is routinely done using lalwse X-rays but these present low
resolution imagesMagnetic resonance imaging (MRI) provides high resolution
images of breast scans but the problem of breathing moves tissue out of position,
making it difficult to accurately pipoint microfeatures in the region of interest.
Spinal epidural procedures grerformed based on touch and feel techniques and they
would benefit from imaging guidance. MRI is used to guide biopsy needles for

collecting tissue samples in specific regi¢@ten et al. 2004)

With all the existing imaging technologies, there is still achto take a largeumber

of biopsy samples from locations other than the disease focal points. This means that
multi-location samples are taken and in many cases patients need to return to hospitals
for second or third biopsies due to regions being migsegrlier samples. Biopsy
needles come in different shapes and sizes based on their applications. The largest
biopsy needle is a 14 gauge and this translates to 2 mm outside digfediarh et

al. 1998) A larger needle would collect more tissue but is also likely to cause more
collateral damage to normal tissue. In very sensitive areas such as lymph nodes

smaller needles are used to collect biopsies.
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The main impetus for the current researctine limitations of existing modalities for
accuratelypin-pointing regions for biopsyThis research aims to integrate an imaging
device on the tip of a needle ieh would enable practitioners to visualise tissue at
very close proximity to where the tissue samples are taken. Ultrasound presents a
viable option for this technology since high frequency transducers are small enough to
fit on needles and other intenteimal tools. The end application of the work in this
thesis is to obtain a high resolution image of the whole structure, potentially giving

more information than the biopsy on its own.

1.3 Rationale, Aims and objectives

The work presented in this thesis ises on solving the limitation of low frequency
ultrasound.Figure 1.1shows how high frequency ultrasound can have a practical
application, overcoming its own limitation€onventional arrays similar to that in

Figure 1.1(a) are limited in two ways:

1 First, at lower frequencies, they have a poor spatial resolution particularly with
features in the tissue structures of interest at thenslimetre scale.
Generally, the spatial resolution is related to the wavelength, with shorter
wavelengths correspondintp higher frequencies and providing better
resolution (Lutz and Buscarini 2011)Thus,imaging can be improved by
increasing the frequency (Figure 1.1(b)), assuming other system factors also
change correspondingly.

1 Second, the penetration depth is reduced when the frequency is increased, due
to increased ultrasound energy absorptidissue(Cannata et al. 2003; Foster
et al. 2000) This can only be overcome fundamentally by placing the array
closer to the target as illustrated in Figure 1.1(c). An example is to place the

array on a needle to be inserted intopghgent.

The approach of incorporating ultrasound arrays on the tip of an interventional tool
(Figure 1.1(c)) such as biopsy needle is the main focus of this, st sets out

to provide a solution to both of the two limitations detailed above. Bariimg the

array at the tip of a biopsy needle, applicatspecific, high frequency, high
resolution transducers can be used, and the limitation of sound energy attenuation by

tissue at high frequencies can be overcome. This also changes the natwe of th
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diagnosis from noinvasive to invasive; however, clinicians often claim that such
invasion would be worthwhil@arsen 2002) The ultimate use wodlbe to replace

biopsy collection where possible with high resolutiorvivo diagnosis using newer

tissue characterisation techniques such as elastography that can be used to distinguish
cancerous tissue. The potential applications of dewieescomingthese challenges

are numerous in oncology and their development is therefore worthwhile.

Conventional External High frequency  Miniature arrayon a
Ultrasound Probe probe biopsy needle

Figure 1.1: lllustration of limitation of conventional and external high frequency ultrasound
transducers. The conventional probe shown ifa) has a limitation of low resolution but penetrates
deep in the tissue. The external high frequency probe (b) has the benefit of high resolution but
limited tissue penetration. The miniature array on a needle (c) overcomes both the problem of
resolution and tissue penetration.

There arghree main challengde overcome
T first, the need for a small package;
1 second, the need for a high performance, high frequency array to achieve high
resolution images;

71 and third, the need for economical means of manufeg.

According to the first challenge, the complete array must be packaged to fit within the
dimensions of a needle. This thesis aims to contribute to the development of a package
which fits within a 14 Standard Wire Gauge SWG) (2.032 mm diameterjendied
important to note that this is presently taken as the maximum size, with smaller

diameters beip better for patient comfort.
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High frequency transducers have a wide use in catheters for high resolution imaging.
Many commercially available cattettransducers use single element transducer
which are mechanically rotated to obtain a radial image of the region of ir(texest

der Steen et al. 2006)rrays with relevant dimensions have been produced previously
for intravascular ultrasound (IVUS), but their configurations are generally different
and, more importantly, theirmliensions are bigger. For example, the Acuaroulx

et al.2005)sidewayslooking phased array (Siemens Healthcare, Mountain View, CA,
USA) is available in 8French (F) (2.7 mm diameter) and 10F (3.3 mm diameter)
versions. On the other hand, a catheter requires a significant insertion length; 110 cm
for the AcuNa, which requires long cabling. The typical solution is to have some
electrical switching or signal processing on a chip integrated within the probe. These
custom electronic chips are very expensive but there are then minimal signal cables
running the lenti of the catheter. However needtevivo pathology allows a much
shorter length between the array and the end of the needle, potentially down to just a
few centimetres Because of this, the work in this thesis assumed a positive,
simplifying effect on tle design by assuming handring from the flexicircuit

attached to the array head to external instrumentation.

According to the second challenge, a high frequency array is needed. A transducer
with an operational frequency of 15 MHz would theoreticail®ydya lateral resolution

of 200- 600 um(Baun 2010) Although there are other factors contributing to the
image resolution, the operational frequency plays theesiggart Other factors
include: element dimensions, properties of matching and backing layers, as well as
focusing with a lens. Transducers with even higher frequencies, towards 100 MHz,
will resolve features close to a few cells thick. The main challengeneitbasing the
frequency is the reduction in the dimensions of the transducer. The layers that make a
transducer are all determined by the operational frequency. Thesescadedeatures
present many challenges during the fabrication. In the work rejiorthis thesis, the
target is to fabricate a 15 MHz ultrasound array in a needieth&r study was
undertaken prior to this project to demonstrate the feasibility of fabrication of array
prototype transducers operating up to 100 MBiemore et al. 2009put this did not
consider packaging into small probes and the overall dimensiondangee Various

means to achieve such high frequencies are being explored. A key part of this thesis
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describes devices made with ultrahigh performahea] magnesium niobakead

titanate (PMNPT) piezocrystal composite material for high frequency appicsit

According to the third challenge, the devices must be made economically. To this end,
techniques were explored which lend themselves to small \wedéée manufacturing

and to efficient mass manufacturing of other components. For example, spirally
wound flexible circuits for the externalbonections were investigated along with
initial considerations of using kerfless arrays in the future. Automated andbassé

design techniques were also under active investigation.

1.3.1 Aims

The main aim of the work pesented in this thesis is to investigate the feasibility of
integrating ultrasound imaging arrays within needles ifowivo pathological

investigation.

The second aim is to develop a process for fabricating high frequency arrays

incorporated into inteentional tools.

1.3.2 Objectives
The objectives of this research are:

1 Development of novel packaging techniques for integrating an ultrasound array
into a needle. Wafer scale fabrication is adopted to reduce the overall cost of
fabrication.

2 Designing a flexcircuit to connect multiple tracks through a small diameter
needle.

3 Define fine-pitch conductive tracks on polyimide polymdris is to permit
fabrication of high frequency transducer.

4  Fabrication of ine-scale single crystal composites involving PNAY ard
Manganese doped Lead Indium Niobaegad Magnesium NiobateLead Titanate
(Mn-PIN-PMN-PT) using the conventional dice and fill method, and incorporated
into transducersThese compositesgith pitches as small as 50 um with kerf of 18

pum would allow for anoperational frequency of above 15 MHz
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5 Investigation and evaluation of low temperature bonding methods. This
overcomes the problem of using high temperature methods on the temperature
sensitivesingle crystal materials. Bonding techniques such as uliabonding
and magnetically aligned anisotropic UV curable epoxy were investigated.

6 Investigating theesolution integrahsapplied to simulated beam plots as a way
of evaluating transducers at a design stage. This considers the ultrasound beams
and a masure of the beam a dB is taken as the lateral resolution. This is
measured over the depth of field. A transducer with a higher resolution integral

would have a narrow beam over a long distance

1.3.3 The ISPUD partnership

The work in this thesis was donedamthe Integration ofSilicon and Piezoelectric

Ultrasound Devices (ISPUD) project. This project involved experts from different

fields from three universities and three companies. The main work was done at
IMSaT, University of Dundeeby the author ofhis thesis, who undertook the main
fabrication and packaging of the wultrasc

formal affiliation is to the University of Strathclyde.

The flexkcircuit fabrication and investigation of bonding techniques used in the
prototypes was led by MISEC, Her@tatt University. Different expertise input was
contributed from transducer building to dicing and lapping. The author of this thesis
was fully involved in all aspects of the work done in this thesth athe design ah
fabrication of the flexcircuit and experimenting with the different bonding

techniques.

1.4 Thesis structure

Chapter2 compiles a review of literature, explaining the working principles of medical
ultrasound transducers, drawing on the physics and emgigemechanisms. A
comprehensive review of ultrasound transducers is detailed, focusing on the trend

towards high frequency transducers: applications of these transducers are highlighted.
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Chapter3 explains the different design approaches used for treanads Tradeffs
are explained to enable the feasibility of the transdd@ahniques for characterising
the active and passive materials as well as the finished prototypes are described

Chapter 4discusses, with halepth results, the different stagesfabrication with
results such as impedance of plates and compasstegell as the passive material
velocities and attenuation. Characterisation of materials, active and passive, leading
to one dimensional modelling (ODM) andttual prototyping for thedeal transducer
arepresented in thishapter The effects of limiting the transducer dimensions to fit in

the needle are examined through simulation with beam patterns for the single element,

linear and phased arrays explained

Chapter Sexplains in detiithe process development for integrating a highudesay
ultrasound transducer incorporated irdobiopsy needle. The micfabrication
methods employed are explainedhe process for making high frequency
piezocomposites from PMIRT single crystals usg low temperature processes, to
maintain the high performance of the material, is explainéithe design and
fabrication of the flexcircuit is also presenteResults investigating different bonding

methods aralsopresented in thishapter

Chapter6 illustrates the fabrication of single element transducers focusing on small
pitch single crystal composites. Low temperature techniques are presented as the basis
for fabricating with single crystal materials. Dicing parameters fordoae single

crystd composites are presented. Electrigatching with a micrecoaxial cable is
explained and demonstrated. Results of characterising the transducers including
impedance, pulsecho and tissue imaging are illustrated.

Chapter7 presents results from arrays5aMHz and 15 MHz. Results are shown
demonstrating the steps of wafer scale fabrication, highlighting some of the challenges
and how they are overcome. Flexicuit design and fabrication are also presented.
The 5 MHz array is fitted into a needle aedted. Results from images of simple wire

targets and tissues are shown.

10
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Chapter8 draws together the conclusions from the thesis, highlighting the successful

steps and those requiring further improvements are discussed as future work.
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The development and use of medical ultrasound transducers has continued 50r ove
years, with ultrasound closely following-pays as the most commonly used imaging
modality. High resolution ultrasound ingang is one of the areas that have received
much attention in recent years with researchers now focusing on translational research,
investigating how the devices cde applied clinically. Such devices use high

frequency transducers to obtain high resofutmages.

This dhapter begins with an overview of common imaging modalities, and illustrates
the benefits of ultrasound. The working principles of medical ultrasound transducers
are explained, drawing on physics and engineering mechanisms. An oventtesv of
advances in ultrasound transducer development is given, focusing on the trend of high

frequency transducers. Applications of these transducers are highlighted.

2.1 Overview of Medical Imaging Modalities

Medical imaging has provided a platform for examgnihe anatomy without the need

for invasive surgical techniques. Since its discovery, medical imaging has changed the
ways through which medicine is practisgaiserson 2010) Techniques involving
radiography, magnetic resonance imaging (MRI), positamssion tomography

(PET) and ultrasound have been used over the years to assist in accurately diagnosing
a wide range of diseases, abnormalities or structural defects in the body. One of the
most frequent uses of imaging is in oncology, where tumour®ati@ely diagnosed.

In some cases, such as use efa)s to diagnose a fracture, one imaging modality
provides sufficient information to obtain good medical conclusiblowever, due to

limitations of each imaging modalitit is becoming more common tige two or more
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modalities with still a further investigation at a central biochemistry laboratory needed
(Curiel et al. 2007) It is therefore useful to review the most common imaging
modalities with their associated strengths and weaknesses.

A good medical imaging modality must accurately depict anatomical structures at a
useful resolutionwith high cantrast and without any adverse side effects. Different
structures are investigated using different modalities due to inherent capabilities and
limitations of each modality. It is important to know what needs to be diagnosed and
choose the appropriate imagi modality. The widely available modalities are
radiography (Xrays and computed tomography (¢ Tpositron emission tomography
(PET), magnetic resonance imaging (MRI), ultrasound, and optical coherence
tomography (OCT). Most of these imaging systemsyeea 2D representation of 3D
structures but there is a trend towards obtaining volumetric in(&gdss 2002)A

comparison of the different imaging modalities is summarised in Table 2.1.

Table 2.1: Comparison of medical imagingmodalities (Szabo 2004 nttp://usedophthalmology.com)

Modality MRI CT OCT X-ray Ultrasound
What is Biochemistry = Mean tissue Optical Tissue Mechanical
imaged absorption scattering absorption properties
(density) (density
Access Circumferential Circumferential  Surface 2  sides Small window
Around body  Around body or needed
external
tissues
Spatial ~1mm ~1mm 0.02mm ~ 1mm Frequency anc
resolution depth
dependent
(0.053mm)
Penetration Excellent Excellent Poor Excellent Frequency
dependent
(3-25 cm)
Safety Very good lonising radiation Very lonising Very good
good radiation
Maximum 10 frames/sec Y2 minute to 27,000 minutes 100 frames/sec
Speed minutes A-scans
per sec
Cost $$5$S$SS $$5$ $$ $ $
Portability  Poor Poor Good Good Excellent

2.1.1 Radiography

Radiography employs electromagnetic radiation from theyxegion of the spectrum

to generate an image based on how itisoabed by the tissu&X-rays are absorbed
more by tissues with highdensity, so the images effectively show the relative density
of tissues. Thapplicationof X-rays originates frontheir discovery by the physicist
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Wilhelm Roentgen irl895(Roentgen 1895; Rontgen 197R)was quickly adopted

for medical imaging. The current systems used have an image resolution of
approximately 1 mn{Szabo 2004)and this depends on the beam width and the
detectors or films used to acquire the image. The current systems are moving from film
to fully digital imaging Xraysanddo not have sufficient contrast for differentiating
between soft tissues, however they provide excellent contrast between soft tissue and
dense tissue such as bohkey arecommonly used for detecting bone fract(8eabo

2004) Employing raioactive contrast agents permits the imaging of blood vessel
through this modality. The main drawback cfays is that they are ionising radiation.

The dose can be cumulative and therefore effective precautions are taken to avoid
unnecessary exposure-r&ys are cheap and relatively straight forward to use which

has madéhemthe mostly commonly used modality.

The first successful implementation of CT scanners in medicinenwigs/2 ty G N

H o u n s(iHaunhstield 1973; ldlender 2006)Computed Tomography (CT) imaging
also involves the use of-Kays with the application of mathematical reconstruction to
produce slices of tomographic views. In effect, CT produces images with better
contrast for soft tissues than those ol#d by conventional Xays. CT scanners are
most commonly used in the diagnosis of neurological disorders including tumours or
haemorrhage. The resolution depends on the slice thickness, number of pixels,
algorithms, data sampling as well as computerward. Conventional scanners have
resolution of over 0.44 mhiMollet et al. 2005) There arelso scanners in thmicro-

CT category and these can produce resolutiogeadas 1 um with the capability of
imaging both soft tissgeand bone§Zagorchev et al. 2010However these are limited

to only exvivo examination of tissue with a total volume of 1 3criThe main
drawbacksof CT scannerare that a much higher dose of radiation must be used to

obtain the high resolution images, and it is expensive and not portable.

2.1.2 Positron Emission Tomography (PET)

Developed in the 1970s, PET gseintillation detectors stounding a patient to detect
positrons to produce an image. A radionuclide is either swallowed or injected into the
body causing positrons to be emitted when there is interaction with positron emitting
radioisotopes found in the body, for instant€;, 1N and°0. Due to poor spatial
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resolution and signal to noise ratio (SNR), H&mainly used for metabolic function
studies, which cannot be effectively done using the other moddktasarya et al.
1995)

2.1.3 Magnetic Resonance Imaging (MRI)

This modality, also known as nuclear magnetic resonance, was discoveréd amt9

was thereafter adopted as a medical diagnostiqAmblarya et al. 1995; Geva 2006)

The spatial resolution is dependent on the number of pixels in a given area, which in
turn depends on the signal sensitivity of the scanner. Wharedbtition of an MRI
iImage is increased, the signal to noise ratio is greatly reduced. It is the strength of the
magnet that gives the signal strength whézds tca good resolution. It is argued that
MRI currently provides the bench mark for medical gng; it is nonrionising,
minimally invasive with the capability to distinguish between soft and hard structures
in the body; it provides spatial resolution of approximately 1 (8rabo 2004put at
research stages, strong magnets are used to yield a much betteioresdle
drawbacks to using MRI arnot many but very significanit is very expensive
requiring above £7Q000 (Price et al. 2008for installation along with high running

and maintenance costs; $tmot portable; artefacts are produced due to movement of
the patient in the machine and therefore it is not-tigad; people with metallic
implants cannot be imaged with MRI; it is known to cause dizziness, with indrease
strength of magnetic fields. MR1 the form of functional MRI (fMRI) can be used to

monitor haemodynamic activities in the brain but it is not real time.

2.1.4 Optical Coherence Tomography (OCT)

In this technique, lowcoherence interferometry is used to generate images of the
optical scatterig of the microstructures in tissue. It scans in the same way an
ultrasound pulsecho device works. It is credited for its outstanding spatial resolution
of below 2 umwith commercial devices being utilised in ophthalmol{@gbriele et

al. 2011; Fujimoto et al. 2000)The drawback of OCT is the limited depth of
penetration with the maximum beingpand 2 mm in high scattering tissues such as
skin and small blood vessd€lSchmitt 1999). In optically translucent tissues similar to

the eye and frog embryos, it has been reported to have a penetration of about 2 cm
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(Schmitt 1999)However, the tissues of interest fiowivo pathology are not optically

translucent and therefore the penetration depth is limited & rhm(Schmitt 1999)

2.1.5 Ultrasound Imaging

Medical ultrasound imaging is an imaging modality for soft tissue which uses the
pulseecho technique to form images of the structures. The pulses of ultrasound are
emittedinto the object of interest as shown in Figure 2.1. The sound energy propagates
through the object until there is discontinuity in the acoustic impedance of the material.
The energy is reflected back at the interface and the time taken for the echod®from t
object toreturn tothe transducer is used to determine its position. The amplitude of

the received signal determines how reflective the structure is to the ultrasound energy.

Vol Vol

N

V, ‘
[
0
Figure 2.1: Pulse-echo imaging showingA-mode scan oftructures at different times ti,t2 and ta.

The signal is received as a voltage with specific amplitude €ourtesy S. Cochran University of
Dundeé.

The information obtained by the ultrasound probe can be displayed in forrmotia

or B-mode. A-mode: Amodeis also called the amplitude mode and is where the
informationis represented by amplitude according to the strength of the signal. In B
mode, the strength of the signal is représd by brightness. This is the most common

mode and is me commonly referred to as 2D mode.

Conventionally, diagnostic ultrasound has an operatifsegliencybelow 15 MHz
(Szabo 2004; Smith and Fry 20@®rresponding to a minimum imaging wavelength
of 100 pm in tissue, with equivalent best resolution. As aimwasive diagnostic tool,
ultrasound uses retime B-mode for application in various fields of clinical medicine
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(SchmidWendtner and DitMiller 2008) These include, among many others,
internal medime, gynaecologyand ear, nose and throat conditions. The ultrasound
scans can also be used to monitor the effectiveness of a given therapy such as
chemotherapy or radiotherapy by monitoring the size of tumours. It should be noted
however that currentlyt iis difficult to identify malignant tumours with ultrasound
scans, and tissue specimens are typically needed to definitively diagnose cancer type
or staging by pathologists. The tissue property that ultrasound imaging detects is the
change of acoustic ingolance. The acoustic impedance is the opposition to the flow

of sound waves through a surfa@gpical acoustic properties of tissue are shown in
Table 2.2.Although human soft tissues have similar acoustic impedances, the high
sensitivity and correspondjrhigh image contrast detect scattering due to differences

in the tissues.

Table 2.2: Typical human tissue acoustic propertiegAzhari 2010)

Density Speed of Sound Acoustic Impedance
Tissue or Material {glem?) (m/sec) [kg/(sec-m®)] x 10°
Water 1 1450 1.48
Blood L0535 1373 1.60
Fat .95 1430 1.38
Liver L& 1390 1.69
Kidney L.05 1370 1.65
Brain L3 1330 1.60
Heart Li45 1370 1.64
Muscle (along the fibers) 1065 1575 168
Muscle {across the fibers) 1065 13901 1.69
Skin 1.15 1730 1.5
Eye (lens) L4 1630 .74
Eye (vitreous humor) 1.01 15325 1.54
Bone axial (longitudinal 1.9 4080 175
Waves)
Bone axial (shear waves) 1.9 2800 532
Teeth (dentine) 21 3600 (A
Teeth (enamel) 29 3300 15.95

The particular imaging application normally dictates the size and configuration of the
transducers. Most common types have a large footprint and obtain images
transcutaneously fro outside the body. With increased research in material science
and micrefabrication techniques, new classes of transducers have been developed.
These are small transducers that can access small areas via endoscopes and are also

used in minimally invasiveurgery(Zhou et al. 2011)As a result of the sizef these
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transducers, thir operational frequencies (BD MHz) are in some cases considerably
higher tharthe conventional transducef$iese high frequency ultrasound transducers
(HFUS) have applications in areas where high resolution images are required. Such
applications include ophthalmology, dermatology and intravascular (IVUS) imaging
(Lockwood et al. 1996)vhere they are used as single element mechanically scanned
devices.The mechanical scanning happens when the transducer is either rotated by a

motor or moved in translational way to collect information for forming an image.

Dermatologyand Ophthalmology can use fairly big probes, but need the high
frequency. In these instances these applications have adopted HFUS earlier. It has
been easier to fabricate such probes, usually using single element transducers and

mechanical scanning rathiian arrays.

Figure 22 illustrates a summary of the common imaging modalities comparing the
resolution and the depth of penetration through the tissue. The resolution of ultrasound
varies with operational centre frequency and also depends on thd Hieeaative
aperture of the transducer, the transducer bandwidth, the focal depth and pulse length
(Szabo 2004)The resolution oHFUS can be comparable to OCT but penetrates
deeper into the tissudthough one of the drawbacks of these HFUS devices is the
increasedattenuation, with increased frequency, which leads to reduced level of
penetration into the tissu€he attenuation comes mainly from increased scattering at
the high frequency due to a short wavelengthnsducers operating at about 50 MHz

can image upa a depth of 20 mm as opposed to the conventional ones operating at
about 3.5 MHz that can be beyond 150 mm.
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Figure 2. 2: Comparison of imaging modalities in terms of resolution and imaging depth

The advantage of ugy high frequency ultrasound imaging over other modalities can
be summarised as follows:

It is nondestructive, nofionising

Probes can be integrated into clinical tools
Images show differences in mechanical properties
It is relatively cheap and mobile

It provides images in redime imaging

= =4 4 -4 -—a -a

It also has the possibility to build up a 3D ineagy moving or rotating a 2D
probe.
These properties mean tHdEUS would be the most suitable for integration into a

biopsy needle, which is the focus of this tkesi

2.2 Transducers Stacks and Ultrasound Generation

A medical imaging transducer is composed of a piezoelectric material, a backing
medium, matching layers and cables to transmit power and information. The
piezoelectric material is excited with a short vgéigoulse and as a result, it expands
and contracts to emit an ultrasound wave. The thickness of the piezoelectric material

i's a hal f of intthe piezoelacirie hmatenal) thehoperatng frequency
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of the transducef, The wavelength anddquency are related by the speed of sound

in a particular materiat, by the equation:

Q - 2.1

Medical diagnostic ultrasound uses a ptdsbo technique, which uses the same
transducer for transmitting and receigi signals(Hunt et al. 1983; Hendree and
Ritenour 2002)

Ultrasound transducers can either be single element or array based with many
independent elements in one probe. Agk element transducer with its important

components is shown in Figure 2.3. There are many design rules to consider when
developing a new transducer. The primary design considerations are discussed below

and in the following sections.

Coaxial cable for power

Outer casing and data

Backing Shielding

Electrodes

Matching Piezoelectric material

Acoustic lens

Figure 2. 3: The structure of an ultrasound transducer with details of different layers. It show the
active layer which is the piezoelectric material, the matching, backing and other components

The ultrasound waves generated by the piezt@ematerial are transmitted to the
tissue through matching layers, which allow efficient transfer of ultrasound energy.
They are designed with an acoustic impedance which lies between that of the
piezoelectric material and the tissue to be imaged. dierotro have a broadband
transducer, a backing material is used and this improves the resolution.

Radiofrequency (RF) interference is limited by shielding with a conductive medium.

2.2.1 Passive Materials

The acoustic impedance of the transducer must be effigcteepledwith human
tissue for smooth energy transfer. The design of passive matching and backing layers

is useful in improving the resolution of the system through increasing the transducer
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bandwidth(Gururaja and Panda 199&assive materials are usually polymers often

filled with particles to achieve the desired acoustic properties.

Backing layers are dense, acoustically lossy mate(islang et al. 2001)They
provide stuctural support to the transducer and asemost importantly used to
improve the bandwidth of a transducer. Using a backing layer with similar acoustic
impedance as the active substrate will damp dowwitivation and therefore reduce
the mechanical @f the transducer austrated in kgure 24. The lower Q results in

an improved image resolution sincesignifies reduction ofeflections within the
transducer that otherwise would generate longer signals and conseguéorityer
pulseecho response for the imaggealso damps ringing and gives wider bandwidth.

It however reduces the sensitivity by absorbing much of the energy. Adffae
therefore needed between resolution and sensitivity. Typical backing lagers ar

polymers filled withheavy metal particles such amgsten.

Better resolution(Low Q)

Poor resolutionHigh Q)

Figure 2. 4: A sketch of an A scan showing how the resolution improves with matching &
backing layers. The backing and matching layers lowers mechanical Q which improves -
resolution.

Matching layers are commonly polymers filled walamina particle§Draheim and

Cao 1996; Zhou et al. 20Q9)here can be as many as four of these layers sitting
between the active piezoelectric substrate and tissue. They are designed to be a quarter
of a wavelength thick and at the opergtifrequency are usetb improve the
transmission of energy between the low acoustic impedance of tissue, which is

approximately 1.5 MRayl, to match that of the piezoelectric material, which is usually
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greater than 15 MRayl. An ideal matching layer desigd selection is to achieve
maximum sensitivity with the shortest ring down. The details of how the matching
layers were designed for the devices in this thesis are giv@napter 4

The lens is use for focusing the beam so that the resolution is indprove

2.3 Piezoelectricity and Piezoelectric Materials

Medical imaging ultrasound transducers use the inverse piezoelectric effect to generate
ultrasound waves, and the piezoelectric effect to receive mechanical echoes which are
transformed into an image. Piezedtricity, identified by the Curie brothers in 1880,

is a phenomenon where certain materials produce an electric potential difference upon
application of pressure. Piezoelectricity is closely linked to crystal asymmetry and
polarity, and is not present sompletely isotropic materials. The charge created on
the surface of the material is approximately proportional to the mechanical stress
applied. These materials are known as piezoelectric materials. They also éwhibit t
inverse piezoelectric effectyhere applying a voltage to these materials creates a
deformation(Madou 1997)

The material either expands or contracts based on the polarity of the applied electrical
field. By applying an alternating current, the matewall continuously resonate
generating a mechanical wave. The resonance will be at a frequencyswaskd on

the mechanical properties of the materidiis resonance frequencyan be detected

by measuring the electrical response of a device with sonleamalyser or impedance

analyser.

The behaviour of piezoelectric materials is characterised by electromechanical
properties. These properties are anisotropic and the piezoelectric constitutive
equations take into account the varying mechanical, elactand the different
piezoelectric properties in directions of actig@obbold 2007) The mechanical
variables (stres3 and strainS), which are second rank tensors, are related to the
electrical variables (electric displacemBrand the electric fiel&), which are vectors,
through the four equivalent forms of the constitutive equaiinits 1976)below:
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where, st and s are the specific elastic compliances at constant electric field and
displacement respectively® and € are the elastic stiffness at constant electric field

and displ acemeTnand S&eestipeepermittivitye &t \constaht stress
(unclamped) and constant 5amdardthe iversea mpe d
permittivity at constant stress and str ai
transpose of the tensor. The vatese andh are piezoelectric stress constants dnd

andg are piezoelectric strain constants.

The displacement of the piezoelectric material depend on the applied electric field, the

piezoelectric material used and the length.

2.3.1 Types of Piezoelectric Marials

There are a few classes of piezoelectric materials each with different properties.
Among these are polymers, ceramics, single crystals and com{Ssitits 1986) All

these classes have been studied for medical imagaup having some advantages
and drawbacks. Among the desired material characteristics for imaging transducer
materials are: acoustic impedance close to that ofetissienable efficient energy
transfer into the tissue; high electromechanical coupling coefficient (k) for efficient
conversion between electrical and mechanical energy; high clajopestant strain

di el ect r i c agpoeeasyieldrical matcting to pdwer cables arldw or

moderate mechanical @r improved axial resolution. Thelamped dielectric
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permittivity is used to determine thieetrical operating impedance of the transducer.
Table 23 compares one type of single crystal material, PRINand a common
piezoelectric polymer poly(vinylidene fluoride) (PVDF) to a common typef
piezoelectric ceramic material, PAH, that is very widely useith medical imaging

transducers.
Table 2.3: Comparison between PZT, PVDFand single crystal properties

Property Symbol PZT-5H PMN-29PT PVDF
(Units) (Ming Lu and (Single (Foster et
Proulx 2005)  crystal) al.  2000;
(Qiu et al. Dargaville
2011) et al. 2005)
Relative  permittivity —at fas¥ of 1300 3026 6.0
constant strain
Relative  permittivity — at fss'/ of 3800 8266 10
constant stress
Transmission coefficient ds3 (C/N) 593 1380 25
x101?
Reception coefficient g33(VmN?) 28.2 30.33 230
Thickness mode coupling kt 0.50 0.57 0.15
coefficient
Longitudinal coupling Kss 0.70 0.89 0.20
coefficient
Density }  ( ®g/ 1 7450 8050 1780
Acoustic Velocity ¢ (m/s) 3970 4660 2200
Acoustic impedance Z (MRayl) 30 37.9 3.9
Curie Temperature Tc (°C) 190 150 195 °C

PVDF is a piezoelectric polymer material that is mooenenonly used for imaging
applications above 15 MHzFoster et al. 2000Among tte desirable charactetiss

are it can ea#y be made into thin films; hdsw acoustic impedance close to human
tissue; and can be easily focused withostribed of lenses. However, it hesy low
electromechanical coupling coefficient which compromises efficiency. Cryjdiad

very low permittivity means they would not be suitable for making arrays, which are
the main focus of this thesis.

The most commonly used piezoelectric matsrifor imaging transducers are lead
zirconate itanate (PZT)ceramics These are polycryalline ceramic materials with
crystalline grains of -0 um randomly fitted together. The random arrangement
means that the overall piezoelecteffect is cancelled out in thmaterial and it is
reintroduced upon application of a large electric fieldyally near the Curie
temperature, in a process known as poling. This aligns material domains in the

direction of the applied field. Removing the electric field will leave the ceramic
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material with a remnant polarisation, making it piezoelectric. The rahtesi
anisotropic, with the poling axis showing different properties to the other axes. PZT
materials have an acoustic impedance of around 30 MRayl and parmited device
fabrication temperature of slightly above $0QMing Lu and Proulx 2005)This
temperature is ¥ of the Curie temperatugewhich is the temperature at which a
piezoelectric material dpoles. The PZT materials are made with different dopants to
tailor the performance for specific applications. P2 (Navy Type VI) ceramic,
whichis one otthe PZT materialgs suitable for small elemesf the transducer array
areas due to its large dielectric permittiiBhung et al. 2007 his makes ieasier to
match to the resistance of the driving electronics and hence more efficient at
transferring signals. This property makes it suitable for medical imaging applications.

Single crystals piezoelectnmaterials on the other hand have no grain boundaries. For
imaging applications, they exhibit considerably higher performance than other
piezoelectric materials. The materials have a high electromechanical coupling
coefficient (k), permittivity and transmsion coefficient. The main drawback is that
the current single crystal materials need lower temperatures, beffty 60ring
fabrication processes because of the lower Curie tempeyande crystal symmetry
phase transition at about ®D(Qiu et al. 2011) They are also significantly more
expensive than the ath materials. They are brittle and easy to break due to lack of
grain boundaries. Recently, much research is pointing towards using single crystals.
They have superior properties than the other materials but their limitation lies in them
being very difficdt to work with. To this end, an extensive review on fabrication of

transducers with single crystals is giverSettion 2.65.

Lead magnesium niobatead titanate (PMNPT) is a binary material and it is a
relativdy new generation of single crystal poetectric material with the desired
improved propertieslt has gained much interestwith many researchers and
companies using in new transducerst can only withstand a working temperature of
60°C (Qiu et al. 2011)andit is very brittle. An even newer type dahis material
(Neumann et al. 2011)manganese doped lead indiurrobatelead magnesium
niobatelead ttanate (Mn:PINPMN-PT) is a doped ternary material and has improved

Curie temperature and also a higher phase transition temperature. Thistroaame
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worked upon at over 8Q. It is,however more expensive andakie not yet achieved
wide use. Because of their improved propeytteese two types ofirggle crystal
materials werehosen teevaluate the fabrication pfototype arrays in this thesis. The
fabrication process developed is based on the fabrication tatape limitations of
binary PMNPT single crystal since it is more common and cheaper than the doped

ternary material.

Piezoelectric composites used in ultrasound transducers incorporate a union of passive
polymers and a pizoelectric material (Figure 3).(Smith 1986; Smith 1990)The

optimal structure is the-3 connectivity where piezoelectric pillars are surrounded by

a passive polymer matrix. The addition of a polymer lowers the acoustic impedance,
from about 36 MRayl to belo 17 MRayl, depending on the volume fraction. This is

a benefit of composites. Another primary benefit is that the coupling coefficient is
close tothe pillar longitudinal coupling coefficient @), whichis always higher than

thethickness mode couplingpefficient (k).

Polymer {matrix)
Piezoelectric

pillar & & & &

3

2
Piezoceramic
1 base

Figure 2.5: A schematic representation of a 43 composite. The piezoelectric material pillars are
surrounded by a polymer material.

For any of the materials, composites can take advantage of the desired properties while
minimising the poor qualities. They provide the best compromise among all the
properties of the materials including acoustical impedance, bandwidth, dielectric
properties, electromechanicakeiency and signatio-noise ratio for singlelement

and array transducers (Foster et al. 2000).
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Due tothe advantages of piezoelectric composites, they will be used in the devices

developed and discussed in this thesis.

2.3.2 Electrical Impedance and matching

The electrical impedance is a factor in ultrasound transducer design and fabrication. It
is one of the ways to characterise the performance of a transducer starting from the
piezoelectric material itself and the effect of adding other layard cables.
Introducing a matching or backing layer will dari resonance, which will give a

wide and broader profile. This is an indication of increased bandwidth. A typical
electrical impedance spectrum is showrkigure 26. It shows the resonance modes

of a transdcer obtained from a simulation of a PZT plate to show the main modes of
resonance. Whea voltage is applied across the piezoelectric material, it vibrates at a
given frequency. The resonance (electrical) frequency is the frequency at which the
material Vbrates at its natural frequency. At this frequency, the piezoelectric material
vibrates with the minimum impedance (maximum admittance). The maximum
impedance (minimum admittance) frequency is the-m@sobnance (mechanical)
frequency The electrical impgance is a measure of the opposition to current upon
application of a voltage. Impedance has both phase and magnitude and it applies to

AC circuits. Admittance is the inverse of impedance.
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Figure 2.6: Electrical impedance plos showing a typicalmagnitude and phase for a piezoelectric
ceramic plate resonating in thicknessnode (a) A plate without matching and backing layer; (b)
the same plate with matching and backing layer.

When the piezoelectric plate thicknelsensions are close to the width or the length

of the peizoceramic, a second, unwanted, resonance corresponding with the lateral
dimensionis seen close to the frequency range of intgff@etmore 2006) Thisleads

to a reduction in the sensitivity of the thicknessderesonance and gives a poor
pulse. It is therefore necessary to have a widtthickness (or lengtto-thickness)
aspect ratio of less than 0.6 for a thin, tall pillar in a compdkiteet al. 2001) or

more than 3 for a wide, flat plate in order to allow only thicknessemesonance

The plot gives an indication of how the electrical impedance magnitude matches to the

transmitand receive circuit electronics. A well electrically matched transducer leads
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to efficient transfer of signals through the transmission cables. In order to eliminate
reflectionsin the signal cable, the electrical impedance of the transducer shoulg ideall

be matched to 5§, which is the characteristic electrical impedance of the transmission
cables. Arrays with small elements can have large electrical impedance since the
electrical impedance magnitude has an inverse proportional relationship with the
transducer area. A sttharansducer element would need a material with a large
dielectric constantl , since the electrical I mpedanc

the dielectric constant of the transducer substrate.

2.3.3 Electromechanical coupling coefficient
The coupling codicient is a commonly used property of the piezoelectric material. It

measures the efficiency of conversion of the electrical energy to mechanical energy
and viceversa. Higher coupling coefficient signifies a more efficient material or
transducer. Forthickness mode material, the coupling coefficiepiskgiven by(Liu

et al. 2001L)

Q -—0 W&t— 2.6

Where f and £ are the resonance and am@sonance frequeras respectively as
illustrated in Figure &.

When matching and backing layers are used to increase the dampingténeed
between the resonance and the-eegbnance frequencies increases (as illustrated in

Figure 26, and there increasing thedk a transducer.

2.4 Transducer Design and Performance

Apart from choosing the right materials for thansducers, there araany other
factors to be considered in order to produce a good image. The driving factor is to get
a good contrast resolution with the anatomic features easily distingui¢Gaiblieold

2007) The image quality depends on three main performance criteriaresadution;

lateral resolution; andynamic range in the image. Tean turn dependn three main
design criteria: the design of the transducer layers; the geometry; and the image

processing system.
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2.4.1 Axial Resolution
Axial resolution of a transducer isehability to distinguish between closely placed
reflectors along the wave propagation direction. This is determined by the duration of
the pulseecho response of the transducer. The axial resolutiois Biven by the
equation:

Y -bo 2.7

where v is the sound velocity in tissue angli$ the time duration for the pulse
amplitude to decay té dB of its maximum amplitudehown in in Figure 2.7This is
improved by effective design ¢iie matching and backing layers since it is affected
by the resonance frequency and damping of the resonance. A heavily damped
transducer will have a very short pulse length and therefore improved resolution and
bandwidth of the transducéQiu et al. 2011) However the heavy damping also
reduces the sensitivity of the transducer.

Transmitted Target
] Pulse
J_.:E:E' >
i <+
Transducer
tp
Detected
Signal :
Voltage Time

Figure 2. 7: A diagram illustrating the pulse-echo response of a transducer and the pul
length t, which is used to determine the axiatesolution (Demore 2006)

2.4.2 Beam profile and lateral rsolution
The shape of a beam from a circular tramsdus illustrated in Figure 2.8he

ultrasound beam depends on the aperture size. The aperture of the single element is
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the element size whereas that of an array means all the elements activated
simultaneously. A larger aperture produces a narrow beam which improves the
resolution at aigen frequencyFor this, he aperture needs t@ lmuch larger than
wavelength athe transducepperating frequencyA beam from a small element
aperture will diverge m@ compared to that with a larger aperture and therebwill
larger side lobes. Side lobes are unwanted parts of the ultrasound beam emitted off
axis that produce image artefacts due to error in positioning the returningRaeho

et al. 1997) They aremultiple beams of lovamplitude ultrasound energy that project

from the main beam axis.

The lateral resolution is thebidity to separately detect closely placed reflectors in a
line perpendicular tahe transducer. The size of thansmit and receive aperture
greatly affects the performance of the transducer. Large aperture size leads to
improved lateral spatial resolati in a focused transduc&ingle element transducers

can be fabricated with a geometric curve to enable focusing at a given depth along the
axis of the beam. The width of the beam determines the spatial resolution and
therefore at the focused region, élresolution of the transducer will be maximised.
Some single element transducers and arrays usesfen$ocusing. In this respect the

lens must be acoustically matched to the tissue. The focusing power of a transducer is

determined by the-humber (f#) which is given by:

I 2.8
o L

O

where r is the focal length and D is the aperture diameter; this is in turn used to

determine the lateral resolution,Ry: 99

i
— "M
= 'O =

Y
where r is the focal distance, which is the distance from the tremstiu the focal
point; D is the diameter of the tmd uc er ; and and Faplanar t he
transducers, the beam generated by an ultrasound transducer has two separate regions:
the near fieldFresnel) which is the region between the transdwaocet the focal point;

and the far field Fraunhofer)which is after the focal zone. Theidth dimension of
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thefocal zone, also termed the depth of fieldfinesa region over which the pulse
echo signal is within6 dB of the maximum at the focal pointhi$ is the region that
can be used for imaging with a focused single element transducer. The better the

resolution, the smaller the depth of field in single element transducers.

The length of the near field N, can be approximated by:

2 2.10
D
N=—-
41
This approximatia fits best to continuous mode application but can also be used for
pulsed systems.

A

Transducer element  Length of near field Beam divergence
Diameter, d r?/r=d/4r sinf=1.22x/d

Nearfield |  Farfield 0 \

Transducer
element

Pressure MP f
Amplitude I -|| [
Variations WAV,

Figure 2. 8: Beam profile of a single element circular transduer (Bushberg et al. 2011)

2.4.3 Sensitivity and image contrast (or dynamic range)

Sensitivity istheability of a transducer to detect reflectors in the imaging medidm.
transducer with highensitivity will have increased penetration dmdhersignal to
noise ratio (SNR)High SNR will lead to increased dynamic range. As well as the
matching and backing design, sensitivity is affected by thef khe piezoelectric
componentaused. When deghing a good transducer, a traofé has to be made

between sensitivity and resolution.
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The Dynamic range dheimage is the ratio of the maximum to the minimum signal
to noisestrength in an image. It determines how many shades of graisdnie inan

image

2.5 Ultrasound Arrays, Beam Forming and Focusing

Ultrasound arrays have received much attention over the recent years due to their
advantages compared to single element transducers. In comparison to single element
transducers, arrays provide quicker inmggwith more flexibility over the beam
pattern and direction. Thislecausdeam focusing with arrays is done by electronics
rather than mechanical scanning needed for single element transducers. This enables
focusing throughout the depth of the beavhich is not possible with single element

transducers.

2.5.1 Imaging with Arrays

Ultrasound arrays can have linear or annular configuragsnshown in Figure 2.9

The design requirements differ dependent on the type of drmagar and linear
phased arra/hae the same advantagever annular arrayas over single element
transducersThey require no moving parts due to electronic scanning and therefore
can generally achieve higher frame rate. This permits real time and blood flow

imaging.
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Figure 2. 9: Types of arrays; (a) Phased array, (b) Linear array, (c) Annular array

A linear array is subdivided into elements in the aziraludirection as illustrated in
Figures 2.9 and2.10 The transmitted acoustic energy travels in the axial plane. The
dimensions of each element and the spacing between them are importantigingyrod

the desired beam pattern. The spadiegveen the elements, the kasf usually cut

into the matching and backing layers to reduce acoustic crosstalk improving the image.

The pitch,p, is the distance between the centres of two neighbouring elements

The main difference between a linear anphasedarray is the inteelementpitch.

Linear arrays have a pitchafoundone wavel ength (&) and pha
of iethe2material the wave will be transmitted in, whichimsthe case ofhis

project, luman tissue. The int&alementpitch is determined by the way an image is
acquired. A linear array forms an image through sequential activation-afpgnturs

(small group of elements). For this reason, linear arrays can have as mang as 25

36



Chapter 2: Background Theory and Literature Review

elementswhich give the approximateidth of the image related to the aperture. A

linear array will preferably have at least 64 active elements. Tablew compares

three arrays with different design parameters, pitch and length, operating randiffe
frequencies. A phased array produces a steered sector scan and this requires the ability
to steer the beam at big angles from the axis. For this, narrow elements with broad
directivity are required. Phased arrays can be steered due to the snhahrultc
therefore the size of the image can be bigger thaaperture. The steering depends

on whether the steering angle does not introduce interference lobes in the main image.
Time delays to the array elements are defined by a beamformer péitdrms

focusing and ultrasound beam steering.

Table 2.4: Comparison of 64 element linear array parameters with different frequencies

Frequency Pitch Total array Image resolution Image depth
(MHz) (nm) length (mm) (m) (mm)

5 300 19 6007 1500 200

15 100 6.4 200-600 60

50 30 1.9 60-150 10

Focusing and steering with linear arrays is limited to one plane (azimuth plane) shown
in Figure2.10.Focusing in the elevation plane is usually achieved by using a lens. The
beam width in tk elevation plane determines the slice thickness of the imaging plane.
Since the lateral resolution is dependent onldkeral beam width, focusing is also
important in getting a good resolution. In arrays, focusing is done by the electronics,
which is an advantagehey haveover single element transducers. Linear arrays can
focus and stedhe ultrasound beam electronically by having pitch which is ¥ of the
wavelength of sound in tiss8ilva and Fatemi 2002These phased arrays can direct
the beam radiation pattern well enough that spurious artefacts are notideitianto

the image from grating lobg€lay et al. $99).

A linear phased array is similar to a linear array but it can both focus and steer the
ultrasound bearfFigure 2.11)y introducing time delays to the element exciting and

reception signaléShung and Zipparo 1996)
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y (Elevation plane)

X (Azimuth plane)

Z (Axial plane)

Figure 2. 1Q The parameters of linear array with spatial coordinates system: w is the width of
the element; L is the length, p is the pitch and D is the apertex

Ol N2
I & &

(b)

() 32

Figure 2. 11: Focusing and steering using arrays; (a) linear array, (b) phased array, (c) be
steering with phased array
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The pitch of an array determines how the image is obtained. A phased array has a pitch

of &/ 2 whereas a | assmanrinFRgure2aly has a pitcl

The parameters of the array can be optimised during the design stage uslag@sim
which is explained irChapter 4 A carefully designed array is important to get good

performance from a transducer small enough to fit into a biopsy needle.

2.5.2 Array Imaging System

Producing a good ultrasound image involves a sophisticated corohioéthardware

and software. It requires an ingisciplinary approach involving the sciences of
acoustics and vibration, electronics, and software engineering among others.
Designing a good transducer is essential but the supporting system makeslét useab
In Figure 2.12 the relationships between the differgrdarts onthe system are
illustrated. A transmit beamformer sends out signals to the transducer array elements.
This beamformer works with the computer controller and thmdiiplexer to select

the transntting elements, which determirlee transmit active aperture and shape of

the ultrasound field. Time delays to the array elements are also defined by the
beamformer which causes focusing and ultrasound beam steering. Apodization is also
done throagh the transmit beamformer. This is where the different array elements
receive excitation signals with different amplitudes. This is so that the focal depth is
increased, the side lobes levels are decreased, and the shape of the transmitted beam
improved. The receive beamformer also provides time delays for steering and
focusing, applying apodization and selecting the receive active elements. It should be
noted that steering is dependent on the type of array used. The receive beam former
also sums the reseed signal into a single RF line.

The signal leaves the receive beamformer to go into the signal processing unit. This is
slightly different for various imaging system but it generally includes -tiaia
compensation, which provides amplification of signaith time of flight. Timegain
compensation compensates for the lost signal due to attenuation as the signal travels
through the region of interest. Logarithmic compression is used to reduce the dynamic
range of the signal so that the signals of lowlsigt intensity echoes are shown within

a range of 60 dB. The demodulated signal is filtered before it is sent to a scan converter

which adapts the processed image for display. The process described above produces
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one scan line, and a typical image wounddlve between 48 and 196 scan lines, with

reakttime displaysemploying a frame rate close 30 framesper second.
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Figure 2.12: A simplified block diagram of an array based imaging system
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2.6 Current Array Fabrication and State of The Art Methods
The fabrication of ultrasound arrays has some variations, howevermitesgran be

summarised in the stepglow;

1 The piezoelectric material is thinned down to d¢ie¢ desired operation
frequency

Electrodes are applied to either sidf the piezoelectric plate

Ground electrical connections are added

Matching layers are theapplied and thinned down

Active electrical connections are added

Backing layers are applied

Dicing into individual elements is then done

= =4 4 4 -4 A -2

Lenses and electrical insulation are added before encasing.
The challenge with array fabrication is to be able talsach the piezoelectric layer
between matching and backing layers, in a way that allows electrical connections to

access the electrode on the active element for electrical excitation.

High frequency ultrasound arrays prespatticularchallenges in fafication due to

their small sizes. Researchers around the world have taken diffenézdto simplify

the fabrication of these transducers. The details of the fabrication steps are important
to the success of a well fabricated high frequency array. Tds common types of
arrays involve mechanically diced elements with kedparatingpne element from
another. This ensures that elements can be excited individually, enabling beam steering

and focusing. Kerfless arrays also provide an alternative withleirfabrication steps.

2.6.1 Lapping and Polishing

For all transducers, the piezoelectric layer must be thinned to the correct dimension,
usually using a lapping process. In this method, a mechanical abrasive is used to
remove material for a bulk substrate antit down to a desired thickness which in
effect determines the resonance frequency. Chemieahanical polishing process
makes a smooth and flat surface of the piezoelectric substrate for further fabrication
steps such as photolithography. Previouskwoais demonstrated the feasibility of
thinning composites and making them into very flat surfaces suitable for

photolithographyBernassau et al. 20Q7)he earlier techniques, such as using sand
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paper and grinding, for thinning the piezoelectric material would not yield accurate

results.

2.6.2 Kerfless Arrays

Kerfless arraysvith bulk ceramiomaterialhave been researched as an alternative to
the diced ones due to reduced fabrication steps. Kerfless arrays as a tebbauague
beeninvestigated to produce a cheap and simple alternative to diced @eysre

2006) This i more useful for high frequency transducers where the small dimensions
make fabrication more challenging. The kerfless array design, however, has practical
limitations. It can only be used for linear arrays where there is no steering of the
acoustic beanilhis is due to the decreased directivity which is a result of increased
electromechanical crogalk between elements. Cannata e{Ghnnata et al. 2005)
developed a 30 MHz kerfless limearray which was compared with a conventional
array of the same frequency. The fabrication took the form of 33.3 um pikch 2
composite plate (3 suélements per array element) and a monolithic plalbéch were
lapped down tohickness. After electropliaig, a conductive backing was applied. The
backing was cut into desired sizes and bonded to a premade frame with epoxy.
Sputtering of 4500 A Cr/Au was then carried out to the top and side surfaces of the
arrays sukassemblies. The elements were separdtesugh mechanical scratch
dicing of the top electrode layer and the frame with a 1Bhienknesgliamond/nickel
hubbed blade. A flexi circuit was bonded to the edgendividual array electrodes.

A matching layer of 8.3 MRayl was bonded to the kerfl@say with an unloaded
epoxy. A lens was also cast on to the conventional arrays using a cylindrical mould.
The lens (3.05 MRayl) for the kerfless array was precast and bonded on to prevent lens
edge shrinkage and damaging the matching layer. After aif@xt was attached, the
assemblies were encasedaimetal/plastic housing for RF shielding and structural

support. The kerfless arrays showed comparable results to mechanically diced arrays.

2.6.3 Diced Arrays

Most of the techniques in array fabrication afeeatly transferrable from single
element transducers. Dicing is done to achieve kerfs between elements. The two
common methods found in the literature are laser dicing and using a high precision

dicing saw. The blades used usually have diamond grit andecas small as 10 um
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especially for high frequency arrays. However, achieving kerfs of less than 20 um has
seen little success. It is important to get accurate array elements since they affect the
overall performance of the transducer. Dicing can creaters in the width and
position of the elements which can compromise the transducer performance. The
challenges in dicing the transducer stack along with the attached electrical connections

has led to some trad#fs so functional transducers are achiakve

Transducers with operational frequenaresir5 MHz were fabricated bflee et al.
2004) Even at sue low frequency the matching layers were made to be conductive so
that a common ground connection is used. The type of transducer used silver epoxy
matching layer which ismuchmore attenuating than the conventionally used alumina
filled epoxy. The silveepoxy cannot be tailored to have ideal properties for acoustic
matching since it has to have a minimum amount of silver particles to be conductive.
The active layer was also attached directly on top of gpatterned flexicircuit using
conductive silverepoxy. The individual elements were achieved by dicing with a
diamond dicing saw (Model 780, Kulicke and Soffa, Willow Grove, PA) with the saw
kerf extending into, but not through the 50 pm thick top polyimide layer. The common
ground used for these transer was a 7 um thick silver foil layer bonded to the

elements with a conductive silver epoxy.

With increasing operational frequency, the challenges are increased due to the much
smaller dimensions of the treasiucer. 30 MHz and 35 MHz arrdsansduces by
(Cannata et al. 2006Jemonstrated the feasibility of having diced arrays at high
frequencies. They simplified the fabrication process by using a conductive backing
material, Esolder 3022 (Von Roll Isola, Inc., New Haven, Cfby a common ground
connection. They also used a rigid frame (machinable-ghéss ceramic, McMaster

Carr Supply Company, Cleveland, OH) to provide structural support to the layers of
the transducer oncéhey were diced. It is uncommon to find high frequency
transducers which have fully diced elengerithis compromise is to protect the
delicate elements of the arrays. Cannata et al achieved element separation through
dicing the top electrode layer oveetbomposite kerfs and ceramic frame with 50 um
kerfusing a13 pm diamond/nickel hubbed blafféannata et al. 2006)
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Lukacs et al made a 20 MHz array with 64 elements. They agdV laser to dice
individual elements to separate the elemdhtskacs et al. 2006)An insulating
backing was used and laser dicing the kerfs into the stack. The advantage of using laser

dicing to separate the elements is that it is easier to position the stack for dicing.

2.6.4 Piezocomposite fabricain

The conventional dice and fill method for fabricating piezocomposites has loeeiwl ar

for a few decades. Thisethod has been around the longasbng all other methods

It involves using a precision wafer dicing saw to cut periodical pillars into a
piezoelectric ceramic plate. Therfsleft by the saw ardlfed with a polymer (Figure
2.13. The limiting factor with this method is the saw blade thickness. With many
applications in medical imaging looking for good resolution, the pillars need to be as
small as possible. For 50 MHz transducers, the pillararaend10 pm wide with a
spacing of 5 um. The minimum thickness for commercially available saw blades is 10
pum, which means a minimukerf of 11um. For this reason, this technique cannot be

used obr transducers operating above 50 MHz.

—
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Figure 2.13 An example of a omposite made through the dice and fill method. The piezoelect
pillars are the light squares with the epoxy in the dark shade

Although the transducer functions best with all the componeptsnised the
piezoelectric material is taken as the most important part since it is what generates the
ultrasound waves. This has therefore leghaying much attentioto optimising the
fabrication of composites for this active substrate. For high frequency transducers, the
challenge is to get a composite with the smallest pitch possible. Fabrication of the
composites is conventionally throughiaedand fill methodBrown et al. 2007)with

other techniques being utilised and investigated. The other methods are laser
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micromachining(Farlow et al. 2001)deep reactive ion etching (DRIE)iang et al.

2008) interdigital pair bondingCannata et al. 2011and micremoulding(Cochran

et al. 2004) The composites that are the most frequently used in imaging Hre in
form of 1-3 such as that shown in Figurd 2. Tall, narrow pillars of the piezoelectric
ceramic are surrounded with epoxydahe combination leads to high sensitivity and
lower acoustic impedance as compared to the plain ceramic. The dice and fill method
needs to be further improvéal adapt it for high frequency array transducers.

2.6.5 Fabrication of 1-3 Single Crystals Composites

Single crystal materials are more desirable siheghave better properties compared

to polycrystalline ceramic such as PZT. Thase howeververy fragile and difficult

to work with. As a result, the processes of fabricating transducers with sigglal cr
materials have to be accordingly adjusted. Single crystals do not have grain boundaries
and therefore small cracks can easily propagate through the material. Conventional
dicing would lead to chipping and cracking of the material. The mechanicsdestre

from the saw blade can lead to cracks in specific orientatibthe material. Spindle
vibrations has also been reported to create post breakage as the saw passes through the
cut material The general consensus when dicing single crystals3faoinmsites
includesusing a much slower feed rate and spindle spEedd rates have of less than
2mm/second have been recommeng&gdparo et al. 1999; Ren et al. 2006; Ritter et

al. 2000; Michau et al. 2002; Snook et al. 200B)e spindle speethas been
recommended to be below 10000 rpm. The coolant feed rate has also been suggested
to have a big effect to the quality of the pillars diced with less than 0.5L/min
recommended as suitab{é/allace 2007) New fabrication methods such as laser
micromachining, ath tape casting extrusion, have enabled the productioraterials

that operate abovid MHz (Snook et al. 2006 However, it would be st to make the
composites with the conventional dice and fill method since it is cheap and widely

used.

2.7 Electrical Interconnects
For high frequency transducers, incorporating electrical interconnects is the most

difficult stage of fabricatin. Theintercannects have to be very small with orientations
that allow them to be integrated into compact designs. The first stage in connecting
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interconnects is to apply electrodes to the surfaces. This is done in different ways. A
common method is where layers of &rd Au are deposited on the surface using
photolithography. Commonly conductive backing is used in high frequency
transducers. The ground connection is connected to this backing providing a common

ground to the elemen(kiu et al. 2008)

For arrays operating at frequencies below 5 MHz, very fine soldering is cdgnmon
usedto connect a prpatterned flexcircuit to the active layer. Wire bonding has also
been widely used especially in high frequency ar@mewn et al. 2007)In this
method, fine gold wires are used to connect electroaldiseopiezoelectric material to

the flexicircuit. The wire is pressed under high pressure and heat to gold bumps on
the material. Ultrasound is used to enableijgof the gold wire and the gold bump
together. The limitation of such methods is that da@very time consuming and very
challenging to achieve on composite layers since the gold wires do not easily attach to
the electrodes on the polymer. Some of the array elements can be as many as 256 for
a linear array. The dimensions of the array witlit the minimum size of the bonder.

The contact point has to be at least 80 um for a wire bonder. This limitation has been
overcome by creation of fan out in some high frequency transd{Bemsassau et al.
2009) However, the fan out puts a restriction on packing the device into small units

such as needles.

Wire bond free interconnection methods for high frequency piezoelectric ultrasound
arrays above 30 MHz have also been investigéB=tnassau et al. 20Q9This
incorporates the use of anisotropic conductive film (ACHJ dmrough silicon via
(TSV) technologies which have been previously used as solutions for high density
interconnect, low temperature bonding for flat panel displays, and semiconductors

packaging applications.

2.8 Other Transducer fabrication methods

There areother methods that have been investigated to make ultrasound transducers.
The most common one of these methods is the capacitive micromaahirasound
transducer (CMUY. CMUTs arebased on microfabrication techniques to produce
capacitive membranes thadn be driven to generate ultrasound wg@slkan et al.

2002) CMUTs are faricated using standard silicartegrated circuit (IC) fabrication
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technology, such as photolithography. They have been umgestigation for almost

two decades as alternativesite piezoelectric devices behmmercial industry is yet

to use them aa replacement. They are regarded as a route to overcome some of
challenges in fabrication that are associated with either miisatl piezoelectric
devices or where the devices need to be closely integrated with electronics. They do
not requre matching layers angrovide room for complex array designs. They can
alsobeworkedat temperatures exceeding8@Qwhich is about the lihfor ther single

crystal piezoelectric counterpaiiSoh et al. 1996)if materials optimised for tissue
imaging are used. The main drawback to these capacitive devices is thagthey re
high wltages of over 10&//cm to produce electrostatic forces as laagkkg/cnt

(Oralkan et al. 2002)They also haveaery low signal to noise ratio.

2.9 Ultrasound Transducers Integrated in Small Packages

For a nunber of years, different researchers around the world have been interested in
integrating ultrasound transducers into needlexkwood et al. 1993; Zhou et al.
2007; Paeng et al. 2009)hisis to providea platform b get closer to the region of
interest within the body, overcoming the problem of ultrasound energy attenuation.
Efforts have been focused on achieving optimised single element transducers, with the
micro-scale features of high frequency transducers inmgasichallenge on achieving

good commercial transducers. Visbahics develops commercial high frequency
ultrasound array transducers that operate up to 70 MHz but these are too big to be
incorporated  into  interventional tools such as biopsy needles
(http//www.visualsonics.com/transducers). The imaging is done byim@sive
probes for prelinical applications. This means that they are most suifablemall

animal imaging since the penetration into deeply seated tissue is reduced at high

frequencies.

A common area where small ultrasound transducers are used is in vascular imaging.
Intravascular ultrasound (IVUS) has employed the ultrasound technology on
endoscopic catheters enabling the imaging of blood vessilentify defects such as
plagues and lots (Lockwood et al. 1996)There area number of commercially
available devies such as Boston Scientificds i

Vol canoés proprietary VHE 1VUS technol
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based on single element transducers, needing mechanical scanningategeredial

image. There arsome arrgs based commercial IVU§/stems uch as t he Si e
ACUSON AcuNav (Proulx et al. 2005)An early prototype was a 7 MHz, 128

elements 24 Fr size. This rigid device had a diameter of over 8 mm and was introduced

into the right atrium through the jugular vein. The promising results aataythis

prototype leadd the subsequent development of smaller devices.

A flexible 7 MHz 64 elemenarrayin a 16 Fr catheter preceded the current version
which received FDA approval in 1999 and was commercially pratluc2000. The
new device wad0 Fr (3.3 mm diameter), whilen 8 Fr (2.7 mm diameteonewas
later introducedThis single use IVUS is credited with maninatal advances among
which are:aiding in the placement of intracardiac devices, monitoring blood flow
changesafter therapeutic intervention andstant detction of procedure related
complications, which enaldg¢imely application of reparative measu(&soulx et al.
2005)

Catheter based transducers have been researched as far back as the 60s. In 1968, a 2.5
MHz single element transducer was used to investigate left ventricular diameter in
dogs(Carleton and Clark 1968This transducer in many ways introduced the idea of
ultrasound in a needle. A device patented by Eggleton in 1985 presents ultrasound on

a needle and is termed an acoustic miaps¢Eggleton and Fry 1985)his was

designed to use an operational frequency of up to 500 MHz and aimed for examining
cellular features of internal tissue or featud# tissue architecture and structure at a
goodenoughresolution to determine tissue pathology.

2.9.1 Fabrication of Needle Based Transducers

Hard needles with integrated ultrasound transducers have mainly focused on single
element transducers. These reguamechanical scanning for image generation. Work

by Lockwooddés group has developed sever:
These transducers are high frequency based transducers with operational frequencies

of above 30 MHZLockwood et al. 1993)

Needle based ultrasound transducers were originally developed to be used as

ultrasound biomicroscopes (UBM). These were used to imagmsliletre features
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in eyes, vascular system and small animals. Needle diameters used maietbee
range of 1.2 2.8 mm. The transducers can be in different orientations to the needle.
In their study, Zhou et al illustrated a UBM based in a ng&dtleu et al. 2007) This
transducer, as shown in Figure £.1llustrates the different layers witbpecific
materials used for the high frequency device. This is a useful reference point for
selecting materials for high frequency transducers. A material to note for this thesis is
the insulating material, parylene, which is used to electrically isdiatdevice from

the body under examination. The materials of the transducer are however, chosen to
simplify the fabrication process. For instanaesonductive silver particle matching
layer is used in place of the conventional alumina filled epoxy. Thisesable easy
electrical connection to the electrodes of the active piezoelectric substrate. The silver
filled epoxy is however more attenuating to the ultrasound energy, and has higher
acoustic impedance than an ideal matching layer and therefore affadtithe overall

performance of the finished prototype.

Au , )
Electrode Silver F’artlcle
Matching Layer
~PMN-PT with
Steel Needle | L [0 N Cr/Au Electrodes
Housing N m N _
N __ Conductive
':'f ._j: = Epoxy Backing
Polyimide N
Tube r
Electrical \ ‘_Parylene
Connector _' _ I: N Coating

Figure 2.14: An example of a forward-looking needle transducer used as an ultrasound bio
microscope (Zhou et al. 2007).The active aperture has a diameter 0.44 mm.

The 44 MHz active substewas a 50 um thick PMIRT single crystal lapped from
700 pm thick. The active aperture was 0.44 mm a+@ldB fractional bandwidth of
45 % was achievedSilver filled epoxy was used for matching and backing. The
structure was encased in a 0.57 mm irsiameter polyimide tube which provided

electrical isolation to a 0.66 mm inner diameter needle, with an outer diameter of 0.99
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mm. A sputtered electrode across the matching layer was used for grounding with

vapour depositedgrylene coating the outside

2.10 Chapter discussion

This chapterhas given a comprehensive review of literattirat will enable the
developmenbf the process for the fabrication of the arrays discussed in the rest of the
thesis. The neetb usehigh frequency ultrasound has been disedspointingto the

use of single crystal materials as the best choice for the active material of the

transducers.

Fabrication for composites and arrays has been discussed to form a precursor for the
fabrication parameters in this thesis. The literatoas informed the design and
development of appropriate transducers to be used in interventional tools such as
biopsy needlesThis literature has demonstrated that fabrication of high frequency
array transducers has been previously achieved by varioasaleses. The limitation

is in building these transducers for specific applications. The size of these high
frequency transducers mean that they can incorporated into interventional tools. The
information presented in this chapter indicates that techsigreeavailable that will
enable the array transducers in the interventional tbbksnexichaptes will describe

the design and development of the transducers based on the literaturehapies
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CHAPTBR

Design Considerations
Met hods

Chapter Profile

Chapter3 explains the design approaches that were consideredligeprototypes in

this research. A fabrication process was developed to produce filgighency
transducers operating up to 15 MHz. The main aim of the work in this thesis is to solve
the challeges in packaging of 15 MHz array in a needle, with a view to how that can
be translated for a 30 MHz array. The operating frequency for the prototypes in this
thesis was chosen to be 15 MHz, because it provides dimensions small enough to fit
into the chose clinical needles to demonstrate proof of principle, without the
additional fabrication complexities of the fingcale arrays and the potential to be
driven by commercially available array control systems. TFadtkeare explained to
evaluate the feasilily of such transducer with a view to higher frequency, sisedle

transducers.

Section 3.7 and onwards of thikapterfocus on evaluation methods ranging from
characterisation of the active and passive materials used in the transducer to the

finishedprototype as a whole.

3.1 Introduction to Design Considerations

The development of ultrasound transducer arrays in biopsy needles or similar
interventional tools requires different design considerations compared to the
conventional ultrasound arrays that ased outside the body. The orientation of the
transducer in the needle must be such that the ultrasound waves are not obstructed by
the outer shell of the needle. The needle should also retain its structural integrity so

that it can pierce through the skamd tissue structures. The main areas considered
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during the design of the ultrasound transducer integrated in a needle are illustrated in

Figure 3.1.

1 For application in the clinical environment, the device must meet the clinical
need of providing high s®lution images. In this regard, high frequency
transducers would yield the desired effect.

1 The fabrication techniques considered for this research are those that can be
used to produce relatively inexpensive high resolution devices and these are
furtherexplained inChapters.

1 A great deal of attention is paid to the packaging techniques since these enable
the fabrication of arrays to fit in small diameter needles. The eewere also
designed to be MRéompatible by choosing the right material for trezdle

and consideration of electrical shielding.
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Figure 3. 1: The main areas considered during the device design showing the different aspects
affect the device performance
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3.2 The Needle Sizes

The first thing to consider is the size of the needles since these will dictate the size of
the transducer array package. Needles that penetrate through the skin, called
hypodermic needles, have very shargstighich come in different shapes depending

on the application. The lengtbf such needles range from 10 to 15 cm. They also have

a wide range of outer diameters which are commonly classified using gauge numbers.
The lager the gauge numbdhe smaller the outer diametdihe inner diameter is
determiné by considering the wall thickness and gaige numbeof the needle.
(http://prlabpak.wordpress.com/2012/03/28/neegidrigecomparisorchart).

ISO standards define dimensions for the inner and outer diameters (ID and OD) of the
different needle§Ahn et al. 2002; Boutsioukis et al. 2007he dimensions of
transducers and arrays developed in thisithare designed to fit into ISO standard
needles for their prospective application. Biopsy needles typically range from 22
gauge (0.9 mm outer diameter) to 14 gauge (2.15 mm outer dia(AdteBt al. 2002)

A 14 gauge needle would more easily accommodate an ultrasound transducer due to
its size and as such, this was chosen as the main focus for this thesis, to demonstrate
feasibility. An empirical design for the biopsy néedas considered by analysing the
commercially available needles. These negdilave their tips tapered at a berajle

of approximately26°in order for them to pierce the skin and tissue structures with

ease.

3.3 Transducer Operational Frequency

The operabnal frequency is determined by the thickness andpgbedsof sound of

the piezoelectric material used and this in turn affects many performance aspects of
the transducer. These include transducer resolution and the ultrasound energy
penetration capabilf into the tissue. It is important to choose the right operational
frequency for a particular application. In order to obtain images of small features, at a
good resolution, high frequency transducers are required. Images of cancerous cells
that are a f@ micronsthick need transducers operating well over 20 MHz. Arrays at
such frequenciedo not existiue to the challenges involved in fabrication of the micro

scale devices. Transducers at even higher frequencies would provide improved
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resolutions. Forxample, a transducer operating at 30 MHz yields a better resolution
but a reduced penetration depth when compared to a 15 MHz. The operational
frequency is used to determine the overall dimensions of the transducer.

For this study, the operating frequeraythe transducer was chosen to be 15 MHz,
corresponding to an i maging wavelength
chosen because the transducer would produce acceptable resolution and the
dimensions would allow for easier fabrication of prototyjpesvaluate feasibility. For
clinically oriented characterisation at later stages in development, the array needs to
be connected to an array controller and beamformer. Since the few commercially
available imaging systems that allow for connection to-caammercial arrays for
evaluation operate at 15 MHz maximum, this is an additional motivation for setting
the operating frequency at 15 MHz. The dimensions at 15 MHz would be small enough
to fit into a biopsy needle or other interventional tools. The rdimal tissue
penetration depth at 15 MHz is approximately 40 mm, which is enough to image fine
body features at a good distance. It is important to note however that the processes
developed in this thesis are designed to also be suitable for the fabricht

transducers above 20 MHz.

3.4 Packaging in Instrumentation

In the current study, only imaging transduceese considered for incorporating into
needles. The idea of transducers in a needle can however be extended to therapeutic
transducers and othfarms of transducers to readtfficult areas suchsthe prostate.
Incorporating high resolution imaging into the core of needles would need to be very

close to the tip, which would limit the available space for cables.

A benefit of placing the arrayt éhe tip of the needle is the possibility of identifying

the position of the needle tip in the tissue, which is another common problem
encountered when using conventional ultrasound imaging. Clinicians are aasibje

to identify tips of needles such amaesthetic and biopsy neeslleshen they are
inserted into the body. Knowing where the position of the tip of the needle is essential

in acquiring more accurate information from the area of interest.
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3.4.1 Array Orientations

There are different orientatiomsth which an ultrasound array transducer can be fitted

into a needle. The easiest one is having a single element transducer in a needle. The
dimensions can be selected to fit into many needle sizes, with only one cable for
electrical signal needed. Thegsible transducer geometry and orientations are shown

in Figure 3.2. If an annular array or a single element transducer is used, it must be
mechanically scanned in order to create a 2D image. For needle or catheter based
devices incorporating these typeistansducers, a radial 2D scan can be acquired
either by rotating an outwaifacing transducer or rotating a parabolic mirror in front

of a forward facing transducéran der Steen et al. 2006; Ledworuski et al. 2008is

is what is typically used for IVUS deviceAn image can also be created when the

device is translated across an area of interest.

Having arrays increases the complexity of fabrication and image acquisition but
because ofhe increased benefits of improved image quality, it is more useful to use
them instead of single element transducers. The ultrasound beam pattern is affected by
the size and number of elements, the pitch of elements in arrays and the orientation of
the transducer on the needle. At the design stage, it is important to andlgsalaate
different options for an optimised array transducer which can be manufactured at a low
cost. Three possible configurations are shown in Figure 3.2: a radial view, a forward

view and a side view.
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Figure 3. 2: Possible orientations of an ultrasoundansducer on a needle, with direction ¢
the beam indicated (a) axial cross section, (b)drward viewing, (c) side viewing

This axial cross section oriettion (Figure 3.2 (a)) would mean having the needle
broken and the transducer inserted to join the two sections. This would compromise
the structural integrity of the needle and might also affect the performance of the
transducer. The forward viewing ortation (Figure 3.2(b)) would make it difficult to
have a pointed needle. From an application perspective, the side view orientation
(Figure 3.2 (c)) is the most viable optidrhis option means that the piercing end of
the needle is free from the transdudealso provides room for more elements in the
array since the diameter is not the limiting fact¥lore details discussing these

orientations are given iAppendix A

Figure 3.3 shows how the side viewing ultrasound transducer would fit into a needle.
This shows more details of the chosen transducer orientation in the needle. Fhe flexi
circuit for the electrical signal transmission has to be either connected from the side of
the transducer or by througha technology. The work in this thesis focused on

developing a packaging method with the flekicuit connected at the side.
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Figure 3.3: An illustration of the transducer stack can be fitted into the needle: (a3D needle with
array elements position indiced, (b) cross section view, eide view

From all the design considerations, a linear array of 15 MHz was chosen for the
prototype. The pitch of & would be ideal
the needle. The elevation width is determitgdthe inner diameter of the needle it

will be fitted in. This has to be between 0.7 and 1 mm for a 1.8 mm inner diameter
needle in order to leave enough room for the fl@sguit. The minimum number of
elements was chosen to be 64 and this was bas#ttamay the scanning with the

linear array is achieved. More elements would provide an image with a bejdef

view. However, to get prototypes for the feasibility study, 64 elements were enough.

Further details of the array design are discuss&hapter4.

3.4.2 Flexi Circuit Orientations

Incorporating theHFUS transducer into the core biopsy needle leaves little space for
the cabling. The most straightforward means of connecting to the array is to use coaxial
cables to each element, as is typically donarrays that operate at conventional
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frequencies. The smallest commercially available micro coaxial cables have an outer
diameter of approximately 0.3 mfBickinson and Kitney 2004Having multiples of

these cables to numbers exceeding 64 woulditnata 2 mm diameter needle. It is of
paramount importance to have the array transducer close to the tip of the needle to

enable imaging the tissue for biopsy.

A better design for the electrical connections from the transducer to the driving
electronicss therefore essential due to the limitation of space within the needle. There
are a few ways the connections can be designed to fit into such a limited diameter. The
most common of such designs are in the form of multiplexers and multilayer flexible

circuits.

Multiplexing is a technique that leads to few cables through the diameter of the needle
tube. Switching is used to excite and receive information from the array elements
(Dickinson and Kitney 2004; Daviden and Smith 1996; Felix et al. 2085)
multiplexing system is illustrated indure 3.4. The advantage of such connection is
that it leaves plenty of room within the device. However, it can be more difficult to
provide a good redime image with multiplexers because advanced beamforming

algorithms are required.

Figure 3.4: Example of a multiplexer in arrays edited from(Eberle and Finsterwald 2003)

Multilayer flexible circuits have layers of flexi circuits one on top of the other where
the conductive tracks are connected to the array by either direct bonding or through
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micro-vias (Proulx et al. 2005; Stephens et al. 2008; Lee et al. 2004; Smith and
Davidsen 1998; Lee et al. 2003)ese can be designed to dimensions that fit within
confined spaces. As illustrated in Figure 3.5, a flexible circuit can be connected to a
number of elements, and through cutting and overlaying layers, the design can be
reduced to a much smaller size. This design has a potential for fitting in small tubes,

however, it can be veryomplex and therefore expensive.

\\ /
Folded
flexi-circuit

Array elements

Figure 3.5: Multilayer through folding a flexible circuit

The design for the eleatal connection to the array developed in this study takes the
form of a flexi circuit rolled into a helix, illustrated in Figure 3.6. By having a helical
design, a wide flexible circuit can be fitted into the dimensions of the needle. Advanced
designs cold incorporate helical multilayers if required. The noticeable problem to
overcome with this design is the starting angle for rolling. As will be explained in
Chapter7, a poor angle will lead to bulging of the flexible circuit near the array,
making it dfficult to fit into the needle. It is also important to have thin flexi circuit as

this makes the rolling easy.

Helix flexi-
circuit

Array
elements

Figure 3.6: An example of a helix rolled flexi circuit
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Since multiple conductive tracks can be printed on amtase before rolling, this
design is the easiest one to make. Therefore it would provide the cheapest arst simple
option for transmitting electrical signals to and from the array. This would in effect
reduce the overall cost of the finished device. Tdiari€ation techniques and the

interconnect method are discusse€hapters.

3.5 Clinical Performance

The transducers developas part of this work are intended to maatical needs such

asin vivo imaging of cancerous tissues at early stages. This spepfilication
dictates many aspects of the transducer such as: the operational frequency to achieve
the required resolution; the overall dimensions of the transducer; and the type of
imaging array to be used. It was important to keep clinical performatnte fore

front of the design criteria in order to fabricate high performance prototypes. The
required lateral and axial resolutions are important in determining the design of the
transducer. The geometry of the transduicetuding the number of elemts pitch,

total active aperture and elevation dimensions is considered at a design stage to give
the desired clinical performance. Ultrasound field simulation is discussekdaipter

4 as a method to optimise the geometry for clinical performance.

Sincethe device needs to be MRI compatible, the electrical signal cables are required
to have properties that minimise artefacts within the image. Good shielding needs to
be used with the cabling to reduce radio frequency (RF) interfe(€wuee! et al.

2007) Copper sheets are usually used to provide such shieldinge€balso needs

to be MRI safe in orer to be used around tha®tg magnets. Materials such as
stainless steel 316 alloy have been designed to provide such profftoties et al.

2003)

3.6 Fabrication techniques

The piezoelectric materialgsed in the device dictatestrictions on some of the
processsthat can be used in the fabricationt biso affect the device performance.
Single crystal materials limit the fabricatitemperatures to approximatel§°€. The

fabrication techniqueadapted for the prototypes in thisork used low fabrication

66



Chapter 3: Design Considerations and Evaluation Methods

temperatures and pressure. The details ofdhdcation processes are discussed in
Chaptenrs.

The fabrication developed was able to yield both single element transducers and
arrays.

3.7 Performance Characterisation

3.7.1 Electrical Characterisation

The characterisation of the piezoelectric materials was tletermine the basic
performance of the material using electrical impedance spectroscopy explained in
Section 2.3.2Impedance magnitude and phase were measured using an impedance
analyser, (4395A, Agilent Inc., Edinburgh Park, UK) to establish howm#terial and

the transducer stack operates at each of the different stages of fabrication. The
frequency range was chosen to be twice the resonant frequency in order to show if

there are any spurious resonances interfering with the main resonance.

The impedance test was important as an initial test to determine whether the material
andthe prototype as a whole performed as expected. With the typicadam@e curve
shown in Figure 26, properties such as electromechaniwalipling coefficient kt,
electrial resonance frequencye, and mechanical resonance frequenigy were

determined

The electrical impedance characterisation can also be used for extracting piezoelectric
material properties that can then be used for predictingrpeaifece. Bftware suctas
Piezoelectric Resonance Analysis Program (PRAP, TASI Technical Software Inc.,

Ontario, Canada) is used for extracting the full material properties.
3.7.2 Passive Material Characterisation

Acoustic characterisation of materials has been established for soenélfridge
1985) The pulseecho method and thérbughtransmission technique are the two

commonly used methodSelfridge 1985)

The backing and matching layers, which are the passive layers of the transducer, play

an important role in the efficient transfer of ultrasound energy from the transducer to
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the tissue and vieeersa. The acoustic properties should therefore be optimised to
enable an optimal performance at a given frequency. The backing and matching layers,
which are typically polymers filled with either tungsten or alumina, were charadterise
using single elememiFUStransducergMaclennan 2010)The longitudinal velocity

of sound in the passive material was used to determine the thickness of the layer at a
given frequency. Longitudinal wave velocities were calculated by measuring the time
taken for the sound wave to travel thgh a material with a given thickness. Two
transducers were immersed in water with the material of interest in the middle. The
transducers operate in throutsthnsmission mode and the time taken for the pulse to
propagate through the material is determibgdcomparing with the time taken to
propagate through the same distance in water. This method, illustrated in Figure 3.7,
is what was used in this study. The transmitting and receiving transducers do not need
to be in contact with the material being intvgated. The distance, between the two
transducers and the sample thickneksare known. Where, the transmitting and
receiving transducers are in contact with the samxpial] be equal tod. The time of
propagation between the transducers is medsuithiout and with the sample in the
middle.

Sample .
Transmitter P Receiver

Figure 3.7: Set up for the through transmission measuremenftThe transmitting transducer emits
a signal and the receiving transducer receivethe signal.

From this technique, the longitudinal{\elocity was determined using Equati®i
(Wu 1996):
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V=
! Dt3V 3.1
1- — "w
d
whereVy is the velocity sound in water, which 1490 m/s at room temperature and

pt is the diff er eeceved signawiti andwehoubteetsample n t h e
and the transmitted signal.

After measur i ng sthéaoustiaimgedaece che be salctlated as)

Z =r3V 3.2

S

3.8 Basic Functional Testing of Prototypes

The functionality of all the fabricated prototypes was tested using -palse
measurements. This technique illustrated in Figure 3.8, is used to test whether the
elementis operationaland to determine the axial resolution (pdksegth). This
measurement technique requires one transducer for transmitting and receiving; and is

what is used by medical eging transducers to acquireiarage.

_ Sample
Transmitter

Receiver

«— [ — )

Figure 3.8: Set up for thepulseechomeasurement The same transducer is used for bo
emitting and receiving the signal.

To obtain the pulsechoresponse of both the single element and array transducer
prototypes, a stainless steel block was used as a reflector for the ultrasound transmitted
by the transducer. Since the transducers were unfocussed, the measurements were

taken at a distance beyond thear field boundary (explained Bection 2.4). From
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these measurements, axial resolutiong, Rere calculated usingquation 2.7

Phantom anddsue scanning was also done using the pedb® technique.

The pulseecho tests of the transducers wdoae in degassed, denised water at
room temperature. The experimentalggtis illustrated in Figure 3.9. A DPR 300
PulserReceiver (JSR Ultrasonics, New York, USA) was used to excite the transducers
and the echoes were displayed by an oscilloscope. $pe@fic details of the tests are
given in Section3.8.1 andChaptes 6 and 7 for the respective settings of each
transducer. Settings were optimised for each individual transducer to obtain the
maximum SNR. The frequency speetrof the pulses were anabd and the axial
resoluton was determined as shown iqu&tion 2.6. The centre frequentyand the
fractional bandwidthBW, at-6 dB were determined ki et al. 2011)Li et al. 2011)

- f,+1,

c 2 3.4
fz - f1

BW =22 100% 35

Cc

where fand ¢ are the lower and upper frequenciestatiB of the maximum, that is,

the frequencies at which the magnitude in the spectrum is a half of the maximum.
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[ 2 Y Lidzl

Water tub

Figure 3.9: Apparatus setup of the pulei echo technique that was used in scanning. T
setup also was used to get signal at one position of a stainless steel block
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3.8.1 The scanning system

To obtain a 2D profile imagef an object or sample, scanning of the transducer was
done using an Hmousebuilt scanning system. A block diagram of this system is shown

in Figure 3.10 and the different componeat® discussed below. A LabVIEW
(National instruments, Newbury, UK) mam with a graphical user interface (GUI)

is used to control all the components to produce a scan. The data of the scan is recorded
at the end of each scan and MATLAB software (The Mathworks, Cambridge, UK) is

used for reconstructing the image.

Output signal

Trigger signal Oscilloscope
GPIB
Computer ——
RS 232
XY Stage and
controller

RJ 45 to

RS 232 to

UsB

. Transducer
| | Pulser-Receiver

(DPR300)

Figure 3.10: A block diagram of the in-house built scanning system

The compnents of the scanning system are:

1 The XY Stage: This i&n SGSR26-100 XY automatic scanning stage with
SHOT-602 stage controller (Sigma Koki, Tokyo, Japan) It has two orthogonal
axes (X ad Y), moved by stepper motoend connected by an RS232
connectio to the computer for control. The minimum resolution of this stage
in each direction is 2 um. The command of this stage is also danprogram
written in LabVIEW. The PulseRecver (DPR 300) (JSR Ultrasonics, NY)
is connected via USB to the computdihe DPR300 produces a high voltage

electrical excitation pulse which is sent to the transducer. The reflections are
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detected by the transducer and amplified by the receiver then the output is
displayed on the oscilloscope. Controf this pulsetreceiveis by thefront
control panel®n the device and the connection to the computer is to interface
with the LabVIEW software. Settings such as the receiver gain in dB, pulse
energy,andhigh pass and low pass filter frequency of the puiseeiver are
adjuged on the device. An internal trigger is used and all the other settings can
be adjusted to optimise tI8\NR of the receivd signal.

1 The HP54810A Oscilloscope (Agilent, Edinburgh Park, UK) has two channels
with a 500 MHz bandwith and sampling frequency GSa/s. it is interfaced
with the computer via a GPIB connector. The oscilloscope is also controlled
by theLabVIEW software. The sampling frequency and averaging are selected
from the software to control the oscilloscope. The range of the time of signal

should be selected before a scan is initiated.

MATLAB is used to reconstruct the image from the RF data acquired by the
LabVIEW-controlled scanning system. Script files were written to perform signal
processing on the data and displagd&n imageslThe dynamic range of the display
image is set by the user. Pukseho responses from specific positions were extracted
from the data to determine the lateral resolution as explained in Chapter 2.

3.8.2 Phantom Imaging

Three different phantoms were used to test fimctionality of the single element
transducers These were undertaken using thehouse built scanning gstem
described in &ction 3.8.1. The phantoms for testing included wires of different
thicknesses attached to a stainless steel block with dodele spe. This was done
since it was easy to get a reflection of the sound erfesgythe stainless steel block
(Figure 3.11) which made it less challenging to set up. The wires were 130 um, 420
pm and 1.16 mm thick; they were spreddrbitrary distanes apart

The wire phantom illustrated in Figure 3.12 is a very common arrangement of test
targets for characterising transducers. The phantondtestkis project hadtwo 5

um diameterungsten wires at the top and nine 20 giaimeter wiresll spaced by 1

mm steps. These were glued to a block as shown in Figure 3.12. The biggest challenge
is that it was very easy for these wires, especially the smaller ones, to break. As a
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result, some tests were done without the 5 um wires. The wires alspdisgiaced

from their set positions on the block when immersed in water as the holding glue
loosened. From this test)ine spread function was determined for some of the single
element transducers discusseimpter6. The transducers were positiortssyond

the near field boundary. They warmved laterally to the sample with a scanning step
size determined based on the operational frequency and expected lateral resolution of
the device. The amplitudeof the responses wepéotted against position. Ehline

spread function in this project was used to determine the lateral resolution of the

transducers.

Mouse bowel was also scanned using the transducers. The tissue was immersed in
Phosphate buffered saline (PBS)oser et al. 1993)Tissue does not reflect as highly

as stainless steel or tungsten because the acoustic impedance is much lower. Obtaining
these images is crucial in establishing that the transducers can image steilctilsies

to that in the human body.

"‘i? /”_A

Copper wires

Doublesided tape

STAINLESS STEEL BLOCK

Figure 3. 11: Stainless steel block with wires attached with double sided tap&he wires were
130 um, 420 um and 1.16 mm thick; they were spread arbitrgrdistances apart.

Transducer
' ® 20 um diameter
Y Tungste wires

<

Rod for joining

the block °

together Py

I o
(a) o (b)

Figure 3.12 Wire phantom: (a) Block side view configuration (b) crosssection view with wire
positions. The transducer at the top is scanned in a directidateral to the block. The ultrasounc
image produced is similarto (b)

74



Chapter 3: Design Considerations and Evaluation Methods

3.9 Chapter Discussion and Conclusions

This chapter has discussed important aspects to consider when designing transducers
for incorporation into needlessuch as packaging, clinical performance, and
operationalfrequencywhich have been detailed to explain needs to account for the
confined space packing. The needle sizes have been summarised to give guidance for
the design as it is restricted by the commercially available needles. Array orientations
have been awsidered with the side linear array chosen as the best in terms of
fabrication and for the application. Helical fleircuit orientation has been chosen as

the design to be used in this project. Material characterisation and prototype evaluation
techniqus have been explained in this chapter, providing a foundation for evaluating

the devices designed in the subsequent chapters.

The details discussed in this chapter set a good precéatethe design and the
fabrication of the prototypes explained in latkapters. It is important to keep in mind
what the end product should do and howilt Wwe used. By considering the diféert
topics such as needle sizasd transduceoperational frequency, the dimensions of

the transducers for the apgton can eaki be determined.
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CHAPTER 4

Array Modell i ng and

Chapter Profile

A number of aspects of the configuration and packaging of a transducer in a needle
were investigated during the course of this resedittis. chaptegives the angkis of

the imaging performance of the transducer array at a design stage using computational
modelling and simulation. One dimensional modelling (ODM) and virtual prototyping
with finite element analysis (FEA) were used to determine the characteristios of
transducer stack, and FIELD II, a linear acoustic model, was used to examine the beam
pattern produced by different array desighsesolution integral ievaluatedrom the
simulated beam patterias a figure of merit to compatiee performance diifferent
transducers in terms of resolution over imgglepth of field at a design stagehe

beam patterns fdboth linear and phased arraygere explored, and the effects of
dimensioral limitations imposed by the requiremeatfit the array intca neetk are

examined by simulatian

Characterisation of the materials used is discussed here as a good tool to enable virtual
prototyping which was used as a design tool. Virtual prototyping was done using
PZFlex FEA software\Weidlinger Associates, Indvountain View, CA USA) to
investigate the feasibility of modelling devices of single crystal materials. It was also

used to study to the effect of different layer thicknesses in a 15 MHz transducer.

A feasibility study was undertaken looking at the desighfabrication of a 30 MHz
transducer into a needle and this was used as a precursor to the 15 MHz transducer. A
30 MHz transducer array was considered and the challenges explored with input from
a design engineer at Envision Design Limit&eh¢ardineshire UK). This is because

the 30 MHz array would provide a very good resolution but therenwasay control

system available to the research group for driving the array at that frequency. The

report of the study of the 30 MHz array is detailed in Apperdikt explores the
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challenges in fabrication and explains some of the tofideemployed in order to get

working prototypes.

4.1 Introduction

It has been explained, in the previous chapters, that the higher the frequency of an
ultrasound transducer, the siealthe dimensions. These small features create a great
challenge in fabrication and as such it is very expensive and time consuming to
fabricate transducer prototypes. Virtual prototyping is a method where prototypes are
built and tested in software. Thisduces the expense of time, materials and effort that
would be invested in building prototypéértual prototyping withFEA can be used

to optimise the materials and dimensions of the transducer layers, and determine
fabrication tolerances in a cesffective and time efficient manndn addition, the
impact of design constraints imposed by fabrication processes and packaging

requirements for specific applications can be investigated.

To get a good model for virtual prototyping, detailed accuraterrabpgoperties are
essential. Ideally, Hmouse full material characterisation is recommen@Rmvell et

al. 1997; Abboud et al. 1998) obtain acurate properties for the specific materials
used in the devices. However, for piezoelectric materials, full material characterisation
is expensive due to the requirement to have multiple specific sample geometries. The
cost in money and time is increasedenpiezcelectriccrystals are useds the active
materials Obtainirg accurate piezoelectric properties most of these materials is
difficult and this in turn hugely affects the validity of the simulation evaluafibe.
characterisation of the PMRT single crystal materials that waused in this project
wasdonein a different projec{(Qiu et al. 2011)However, as it will be explained later

on in this chapter, some material properties were modified in the model to get a better
match between the experiment and simulatidn. this project only the passive

materials were characteridéor their acoustic performance.

4.2 Transducer Materials
The choice andcharacterisation of materials for the prototypes is explained in this

section
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4.2.1 Passive Materials

Some of the properties of the passive materials that were aisdteftransducers in

this study are summarised in Ta#llé. These properties are important in choosing the
right material with the optimum properties for the transdutbe materials were
chosen because they are extensively used in the litef&hee et al. 2001; Zhou et

al. 2009; Wang et al. 2001; Grewe and Gururaja 198@se mterials are epoxies

filled with alumina or tungsten, respectivelfhe epoxy used is Epofix due to its low
shrinkage properties during cugiiBernassau et al. 201X hanging the percentage

of the alumina or tungsten particles in the epoxy also changes the acoustic behaviour
of the material. Sincehé matching layer is designed to acoustically match the
impedance between the piezoelectric material and the body, the impedance of the
matching layer needs to be tailored to the piezoelectric substrate. Standard bulk
piezoelectric materials have known astic impedances and therefore selection of
matching layers can be less challenging. When composites are used as the piezoelectric
material of choice, the acoustic impedance of the composite must be measured or
calculated. Sometimes multiple matching lsyare used and these need to be designed

to facilitate efficient transfer of the ultrasonic enerd@ye passive matial properties

shown in Table 4 are comparable to those found the literature (Grewe and
Gururaja 1989)The matching layer is 15% volumeafimina in epoxy whered$e
backing is 30 % volume otihgsten in epoxylhe propergs were determined as per

methods described in Sections 3.7.2.

Table 4.1: Properties of some of the passive materials used in the transducer prototypes

Material 1 (k&/ m Vi(m/s) Z(MRayl)
Matching 1567 2277 3.6
Epofix 1152 2497 2.9
epoxy

Backing 5791 1282 8.2

4.2.2 Active materials
Though some prototypes were made from piezoelectric ceraimecactive material
of choice for the arrays was single crystal comjeakie totheenhanced performance

as discussed in Chapter Pleza@omposites of single crystal piezoelectric materials
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have higher coupling coefficients compared to the conventional PZT polycrystalline
ceramics. These materiagich as PMNPT, are relatively new and their properties

are still being studie(Qiu et al. 2011; Li et al. 2011The PMNPT material used in

this study was characterised using PRAP (TASh#&afe, Kingston, ON, Canada), a
piezoelectric material analysis software package, to determine the complete matrix of
piezoelectric materigoroperties The full matrix of material properties is needed for
accurate FEA, while only subset of the properties is required for ODM.

4.3 Array Modelling and Simulation Methods

Modelling is a powerful tool in the design phase of ultrasound transdu€aowledge

of the physics of wave propagation, vibrations, electronics and material science is
important in analysing the transducer performancerddiction ofbehaviour of a
transducer can be determined prior to fabrication. This stage eliminatésnthe
consuming process of correcting numerous faults after a device is fabricated. All the
components of the transducers including the active substrate, matching backing and
cabling can be evaluated through modelling and simula@@®Ms use equivalent
circuitsto provide first order approximatiswof the transducer characteristics. FIELD

Il simulation gives a good approximation of the beam patieth FEAfacilitates the
analysis of both two and three dimensional characteristics, which may include

couping between pillar resonances as well as the kerf filler effects in composites.

4.4 One-Dimensional Modelling (ODM)

This is the easiest and most common method of evaluating the performance of devices,
or comparing the effects of materials, layers or layaktiésses before fabrication.
In-house ODM software was used to model the effects of using a composite compared
to using a bulk material. This omimensional model is based on wave propagation in
the device(Cochran et al. 2012)t incorporates the underlying physics which are
ultimately based on the constitutive equations of the piezoelectric matisdaksed

in Section 2.3 The model is used to only evaluate the thickness extensional mode

behaviour of in ultrasound transducers.

For an array, ODM can be used to define the thickness of the piezoelectric composite,
the acoustic impedance of the backing, the acoustic impedance and thickness of

matching layers, the effects of bond lines, and dffect of electrical impedance
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matching. The acoustic impedance and the thickness of the layers in the stack
determine the time domain and the frequencymao response of the transdu€eér
Ritter 2000) With ODM, the electrical impedance, pulsehobehaviar and the

impulse response of a transducer can also be predicted.

4.4.1 Transducer Stack Model

ODM was used to explore the basic properties of the transducer. It was used to explore
the thickness of the transducers for aegifrequency before fabricationcinding he
difference in resonance frequencies between bulk and composites. pldte
impedance spectrisnof 15 MHz and 30 MHz transdusemvere calculated to
determine the frequency performance of the transducer. The results of the 30 MHz
transducer arghown in Appendix A. From Figure 4.1, the transducer structure that
was modelled is illustrated. This was used as the basis for the modelling investigating
different features about the layers of the transducer. From the model, the expected
behaviour of tansducer, including the piezoelectric and passive materials, was
determined. Properties input into this model include the geometry as well as the

material properties of each layer in the transducer.

Active Layer Backing

\Matching

Figure 4. 1. The transducer stack used for one dimensional modelling, incorporating
matching layer, a piezoelectric material as the active layer and backinyer. Active layer
thickness is 80 pmmatching layer thickness is 50 unand backing thickness is 800 um

The active layer was chosen to be a compositeenfiamin PMN-PT single crystal
material and a polymer. PMRT provides better properties, such as electromechanical
coupling coefficient, than the common piezoelectric ceramics available, making it

more sensitive. This material, being very brittle and expenseant that modelling
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would help tocheaplyevalude many designsA 1-3 piezocomposite was evaluated

with the model, to get the transducer with the best properties. Thisoinposite
provides advantages such improved electromechanical couplingiceeffand
reduced acoustic impedance which improves the overall efficiency. It is also important
to have an electrical impedance magnitude as closeq@aS(possible since this would
reduce the loss of energy as the system is connected to the driving electronics. The

driving electronics are designamhave50q resistance.

The thickness of the active layer determines the resonance frequency and b@s can
used to determine the thickness of the matching and the backing [&lgerchosen
frequency of the transducer was 15 MHz and therefore, an empirical approximation of
the thickness was determined. It is important to remember that different piezoelectri
materials will have different thicknesses at a given frequency because of the different
speeds of sound. The transducer stack was modelled with both a bulePidiNgle

crystal layer and with a coropite PMNPT/epoxy layer with 3% volume fraction.
Oneelement in an array was modelled with the dimensions 08 x 0.07 x 0.12 mm

in terms of length, width and thickness. These dimensions were based on the fact the
transducer would fit is a needle of about 1 mm. hetemental pitch of 0.100 mm
would mean that the element would be about 0.07 mm and the thickness is determined
by the desired frequency.

4.4.2 Transducer stack results

In Figure 4.2, impedance plots of PMAI single crystal and a PMRT/epoxy
composite are illustrated.here is evidence for thddgher thicknessnode coupling
coefficient in the composite material. This is seen by the larger separation between the
electrical and the mechanical impedance magnitudes. The composite has lower
permittivity which leads to higher electrical impedance miagia at the resonance

frequency.
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Figure 4. 2: Electrical impedance magnitude and phase of a 0.082 mm thick element calcula
with ODM. The PMN-PT/Epoxy composite element with 0.3&olume fraction; (a) impedance
magnitude, (b) impedance phase

By using a composite instead of a bulk piezoelectric material, a number of important
properties are changed. The most important of these properties are the acoustic and
electrical impedance, electnechanial coupling coefficient andresonance
frequency, and this can be used as a useful guide when designing a composite and
building a transducer. Table 4.2 sumreas these key differencebhe properties of

the epoxy filler in Table 4.2 are similar to thedfix used for the prototypes discussed

in this thesigBernassau et al. 2011)
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Table 4. 2: Comparison of the ODM modelled PMNPT and PMN-PT/Epoxy composite

Material PMN-PT PMN-PT Composite

Epoxy filler None CY1301/HY1303 (Marin-
Frarch et al. 2004]Bernassau
et al. 2011)

Volume fraction 1 0.36

Electromechanical 0.62 0.83

coupling coefficient i)

Impedance Magnitude at resonance 1 0 q 63 q

frequency

Electrical resonance frequency 22 MHz 12.6 MHz

Acoustic Impedance 37 MRayl 12.78 MRayl

4.5 Virtual Prototyping of Devices

ODM is useful in choosing the piezoelectric, matching and backing materials plus their
thicknesses. The intalemantal pitch can also be studied for its influence on grating
lobes. FEA takes this further to enable analysis of two and three dimensional
characteristic of the transducer. In effect the entire transducer can be virtual prototyped
through FEA.

PZFlex (Weidinger Associates Inc., Mountain View, CA), a time domain finite
element analysis (FEA) software package, was tdisedirtual prototyping. The
electrical impedance of the designed devices at various stages in the fabrication
process were predicted usiBgFlex.Using realistic 2D and 3D models of the device
enables rapid testing of ranges of design parameters. However, for simulated and
experimental results to match, accurate material properties are required. An
incremental modebuild-test approach (Powge Wojcik et al. 1997) wasusedto
validate the models developed for virtuabtotyping (Ssekitoleket al. 2010). A 5

MHz linear array was modelled at the different fabrication stagegjure4.3shows

the models that were evaluated with PZFlEe dimensions are discussed in the

following sections.
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Results from the piezoelectric plate and composite models were compared to
experimental ectrical impedance measuremerts verify the input material
propertiesOnce the material properties had beenfieel, they were used to explore

virtual devices at 15 MHz.

Plate (a) T T (d)

Matching (c)

Composite (b)

t

N

Figure 4. 3:Configurations used inincremental model of linear array. (a) Bulk piezoelectric plate,
(b) 1-3 piezocomposite, (¢) matched composite transducer, and (d) matched and backed composit
transducer. This image gives illustrations of steps taken during simulation.

45.1 Ceramic plate

The nodels created in PZFlexereinitially validated using a 10 mm x 10 mm x 1 mm
plate of CTS 3203HD, material commonly used medical transducer&ith mateial
properties characterisquteviously(Sherrit et al. 1997)A simple 2D model othe

plate in air was used to compare the model to the experimental results. This model was
then used to analyse the behaviour of a PRINsingle crystal plate and obtain the
modified materiapropertiesequired for simulation to match experimehhereaults

of theCTS 3203HDplate comparing the model to the experiment are showigurd-

44. The accuracy and stability of the material properties of this material means that
there was no need fonodification of the material properti¢srough the model to
obtain a good matcA.he modelledmpedance curvgieldsa reasonable match to the
experimental measurement, both in terms of impedance magnitude and resonant

frequencies.
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Figure 4.4: Electrical impedance magnitude response fot0 mm square plate with a thickness «
1 mm made of CTS 3203HDmaterial comparing the simulaton to the experimental results.

4.5.2 Single crystal plate

After validating the 2D plate model with CTS 3203 HD, pdj@s of PMNPT were

loaded into this model and analysed. It can be very challenging to experimentally
obtain single crystal properties and therefore the model was used to extract more
accurate properties of the PMRAI as shown in Figure 4.Bhe thicknes of the sample

was 1 mm with a 10 mm width. The impedance magnitude away from the resonance
shows a good match to the experiment. This means that the dielectric properties do not
have to be modified. However, the mechanical resonance does not agreghwiakw
experiment. This means the piezoelectric constants have to be changed to get a better
fit for the simulated impedance results to match the experinhdodel (i) in Figure

4.5 (a) represents the results with the initial properties input into thelmdddel (ii)

has 20 % larger piezoelectric stress constants, which increases the mechanical resonant
frequency. Model (iii), with 50% larger piezoelectric stress constant than the initial

values, agrees well with the experimental measurements fromhiidte and other
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plates from the same supplidiRS (Figure 45 (b)), for which there is only minimal

variation in behavioufThe detailed modified properties are shown in Tdbge

Table 4. 3: Material properties of PMN-PT single crystal

Material Measured | Modified | Modified - | % difference
Constant -Plate Composite

Plate | Comp.
&n 1220 1220 2196 0 80
g1 0216 026 1667 0 80
CEyp (104N /m?) 10.6 10.6 16.96 0 60
CE{ 10V N/mY) 0z 0z 1472 0 60
CE{10YN/mY) 10.5 105 16.8 0 60
CE3 (109 N/ m™) 11.5 115 184 0 60
CEes (10N m™) 6.9 6.9 11.04 0 60
CZes (10N m™) 2.1 21 3.36 0 60
e1s (C/m®) 3.8 13.2 11.44 50 30
es1 (C/m®) 59 -B.85 -7 67 50 30
ess (C/m*) 212 31.8 2756 50 30
p (kg/m?) 2086 2086 0 0

There is a noticeable difference when the same model with-PMIgdroperties is
compared to other experimental results of PMN from a different supplier,

Sinoceramics, as illustrated kigure4.5(c).
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The resonances seen at approximately 1.5 MHz iar€ig.5(a) and (b) are a result of
minor modes in the materia{8Vallace 2007) Theseresonances are reducethen
composites are used@he plates from the second supplier were 0.5 mm thic#,as
suchthe model thickness was adjustedt the material properties kdpe same as in
Model (iii). These differences inproperties between samples from an individual
supplier and the larger variation between suppliers is expéQuedet al. 2011)

stressing the need for validation of the material properties used in models.

10000
i3] — Experiment
M) el --- Madel (i)
1000 S ---Maodel (i}
A — - Madel (i}
-g 1ﬂﬂ = : -;::';“;-u_,-:.,_-‘:-._—ﬂ;:-.r_--_
E 10
1 T T T T
1 1.5 2 2.5 3 3.5
Frequency (MHz)
10000
= (b)
E 1000 | — Experiment
= .
o "!:;..E Mode|
2 100
-
=
=)
E 10
1 1 L L 1
1 15 2 2.5 3 3.5
Frequency (MHz)
1000

— Experiment
b~ Model

100

10

Impedance (Ol s)

Frequency (MH z)

Figure 4. 5 Electrical impedance magnitude response for a PMNPT single crystal plate. (a) Comparin
experimental measurements of 1 mm plate frofTRS to simulation results with modified piezoelectrit
constants. (b) Variation between experimental results for pkes from TRS compared to model witt
modified material properties. (c) Variation between experimental results for 0.5 mm thick plates fro
Sinoceramicscompared to a model with modified material properties.
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4.5.3 Single crystal composite

The simulatiormodel was furtheextendednto 3D to evaluate a unit cedff a 5 MHz,

1-3 piezocomposite with a M4solume fraction of PMNPT in orderto be compared
with the experimemat results This volume fraction was used because it lies in the
range of 0.3 to 0.&here the electromechanical coupling coeffient is maxin(iSadn
and Unsworth 1989; Smith 1986; Zipparo et al. 2998e experimental plate was 10

mm in length, 5 mm in width with a thickness of 0.5 mm.

The 13 piezocompositenodel required mordetailed change tmaterial properties
than the plate model, shown irable 43, and as a result the new properties are
significantly different to the initial propertiesThe reasonable match between the
model and the experimental impedance results, shown in Figyie 4 result of these
modifications to the propertietn a -3 composite, the pillars resonate in a length
extensional mode, whereas the initial material properties are influenced more by the
thicknessextensional mode parameters extracted from a plate. Also, thardid#
fabrication process can affect the poling of the matgaticularlyat the edgef the
pillars. Therefore, to ensure that the pdelectric material is operating optimaltize
fabricated composite plate was-peled. After re-poling the composite, the anti
resonant frequency increases as expdmeduse the piezoelectric propertraprove
However, the changes are small, with the modelled result fitting between the two

experimental measurements.
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Figure 4.6: Electrical impedance magnitude for aPMN-PT single crystal/epoxy compositi
before and after re-poling and compared with simulation using modified material properties.

4.5.4 15 MHz array element stack

A 15 MHz array element was modelled using the composite properties as detailed in
Section4.5.3. Following thevalidation of the material propertighe acoustic stack

of the 15 MHz linear array was modelled d¢galuatethe effect of matching and

backing layers. A single unit cell of the pizocomposite wasulated with the
electricalimpedame r esponse scaled to thewhi€lDem x
are equal to the array element desighe compositewit 50 em and 60 ¢
alumnafilled epoxy matching layersasmodel | ed. Finall y,- an 80
filled epoxy backing layewas added to the model to evaluate the behaviour of the

complete acoustic stack.

Throughvirtual prototyping, the effect of different thicknesses of matching layers is
shownin Figure 47. The upward shift in the primary resonant frequeatgbout 18
MHz and the lower frequency resonance cuateabout 10 MHz arelue to the
matching layeandcan be clearly seeithe expected damping of the resonance with
the backing layer is also demonstratddhis is shown as an example for investigating
different paraneters of high frequency arrays. The volume fraction of the backing is
0.3 and that of the matching is 0.15.
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Figure 4. 7: Electrical impedance magnitude response for a modelled high frequency array
element with 1-3 piezocomposite of PMNPT. The thicknessof the matching layer for the stack
with backing is 50um.

The array desigfor the prototypesvas based on a3 piezocomposite substrate, using

single crystal PMNPT for increased sensitivity compared to conventional ceramics

like PZT-5H. The initiald e si gn i S a n 048 @olungemractioh i ¢ k ,
piezocomposite with 60em pil |pafix(Spuers,c h. Tl
Solihull, UK). The quarter wave matching layer of ¥61% alumina filled epoxy is 50

e m ick, land the backing layeris3o0 1 % tungsten filled epox

4.6 FIED Il Simulation

Field Il is aMATLAB basedsimulationcode (Jensen 1991; Jensen and Svendsen
1992)for pressure fields and beam profil@he software uses the idea of the Rayleigh
integral to determine the spatial impulse response of the ultrasound field emitted as a
function of the transducer aperture, the position of the point of evaluation in space, and
the propagation speed. Througlkite a time convolution of the spatial impulse
response with the time derivative of the surface vibration velocity, the emitted pressure
of a vibrating aperture can be determined. By reciprocating the linear acoustics, the
receive response can also be leisthed from the emitted wavéom points in the

field of propagation. The program uses an integral expression of Huygens principle to

calculate the acoustic propagation from the source apertures. Field Il can be used to
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study such things as beam profilesd todetermine if side lobes occur by predicting

the azimuth plane beam profile for an array of elem@rtaothy Ritter 2000) Side

lobes are unwanted regions of the ultrasound beam emitted off axis that are
constructive interference and pice image artefac{8arthez et al. 1996)he main

aim of design optimization is to have beam patterns with narrow main lobe width and

low amplitude side lobe®nose et al. 2009)

4.6.1 The beam pattern

The acoustic beam pattern of enaging transducer provides important information
about the performance of the transducer. It gives the resolution of the transducer as
well as indicating any side lobe interferemekativeto the main lobe. Different design
parameters of a transduceilaffect the overall beam pattern. By examining the beam
pattern at the design stage, geometries can be optimised. The overall results provide a
general picture on the traadfs between system complexity, fundamental electronic
characteristics, image glity in relation to ultrasonic fields generated by the physically

constrained apertures, and functionality.

Exploring the beam profiles of the transducer before they are made also helps to
overcome the laborious process of making the transducers jestifohey workwell.

FIELD Il provides a platform to explore the beam patterns produced by different
transducers at a design stage. This software was used to explore parameters such as
pitch of the elements, int@lemental pitch, and theelf between elments. Appendix

A gives details of acoustic beam pattern evaluation of 30 MHz transducers including
single element, annular, phased and linear arrays. In this section, 15 MHz phased and
linear arrays are studied as they are ¢ltse¢he work of this thes. On an empirical

scale, the phased arrays have a smalementpitch anda shorter array length
compared to linear arrayand would therefore fit into smaller spaces. Howethazy

would provide more challenges during fabrication due to the smalrésa

Two of the key factors in choosing an ultrasound imaging transducer are resolution
and penetration depth. Transducers operating at low frequency penetrate deeper into
tissue than those at high frequency; however the resolution at these frequetuies i

It is desirableo have good resolution at a large penetration depth. A figure of merit

known as the resolution intera was i nt r od u oMadGillvray ePay. e 6 s
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2010) as a method to characterise ultrasound images in terms of the ratio of
penetration of an ulisound beam in soft tissue to the ultrasound beam width. The
aim of this method is to reduce the level of subjectivity in determining the performance
of a transducer. Research has focused on establishing the resolution integral of
commercially availableransducers on tissue mimicking phantoms. It would be of
importance if designers can assess this resolution integral at the design stage using

simulations.

The esolution integral(MacGillivray et al. 2010)is a way of evaluating the
compromise between image quality and the werdesign parameters. This is a figure

of merit that evaluates the image resolution over the depth ofFigjdre 4.8)and can

be used to compare two or more transducers. The application of the resolution integral

in thisthesisis usedat a design stagto select the optimal transducer.
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Figure 4.8: Plots showing the resolution integr
beam with low contrast penetration Lo and beam width Db. U is the recipr

L(Ub6) corresponds to the depthmrwinditeh iins tlh

A plot of L against U for a weakly focusan
minimum beam width Do. In (a) and (b) the resolution integral R is equal to the area under tt

c ur MaodGillivray et al. 2010).

For the simulation the input propertiekboth the linear array and thiaear ghased
array are shown in Table44 These simulations were particularly important in
selecting a good array whigh feasible to fabriate. An array with fewer elements
would provide less challenge during fabricatianmd particularly, arrays with larger

element pitch will make the interconnect solution easier
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Table 4. 4: Input parameters for simulation of the 15 MHz arrays

Property Linear Array Phased Array

Element Thickness(mm) 0. 110(1.1a) O0.110 (1.18&)
Element length (mm) 0.800(8%@) 0.800( 88a&)
Element width (mm) 0.070(0.78a) 0.035(0.358a&)
Element Pitch (mm) 0.100(1a&) 0.050( 0. 5 &)

Scan Geometry Rectangular Sector scan

The arrays irthe simuléions werefocused at each depth on both transmit and receive

to obtain an optimised responselhe twoway response gives the shape of the
ultrasound beam produced by the device &md can be measured experimentally by
placing a point reflecr at each point of interest and measuring the amplitude of the
pulse reflected back to the transducer from the point reflector. The beam shape is used
to determine the resolution through the depth of the image and the presence of
unwanted regions of comsgttive interference (e.g. side lobes or grating lobes) that can

produce artefacts in an image.

The parameters outlined below were evaluated through the simulation. These

parameters can be used to quantify the imaging performance of a(Saahkyp 2004)

1 Minimum lateal resolution of the array: Minimum beam width within imaging
depth of field.

1 Resolution integral: A measure of image quality accounting for both resolution
and depth of field

1 Dynamic range of image: Maximum level of secondary lobes in field within
imaging depth of field When ashort pulse is transmitted, teehoes from two
reflecting surfaces that are close togetrereasily separatetihe envelope of
thereflected signals ig compressed so thiuey givealarge dynamic range
of signal amplitudeThis dynamic range is usuallyp to 60 dB or a factor
of 1000, which camedisplayed in the imag@emore 2006)

The results of the simulations of both the linear and phased arrays are sliroguren

4.9and4.10respectively
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Table 45 draws a summary of thearameters obtained from the simulations. A

detailed evaluation of the simulation is given after the figures.
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Figure 4. 9Two-way beam plots for linear arrays simulated using Field Il, with (a) 8 elements,
(b) 16 elements (c) 32 elements in the aat aperture. Amplitudes are normalised the peak value

The el ement pitch is @&

35 35 35 0
-5

30 30 30
-10
25 25 25 Fd15
420

20 20 20
F4-25
15 15 15 L1 ag
10 10 10 -38
-40

5 5 5
1, 41k Al_ B

L " -50
-2 0 2 -2 0 2 2 0 2
Lateral distance {(mm)

Axial distance (mm)

Figure 4. 10:Two-way beam plots for phased arrays simulated using Field Il, with (a) 32 elements,
(b) 48 elements (c) 64 elements in the active aperture. Amplitudes are normalised the peak value
The el ement pitch is @a/?2

Figures 4.11 and 4.liRustrate the resolution integral of the linear and phased arrays

simulated with theibeam plots shown in Figures 4.9 and 4.10
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Table 4. 5: Image quality parameters determined from beam simulation ofinear and phased

arrays

Transducer Number Minimum  Resolution Dynamic
type of active resolution integral Range

elements  (mm) (dB)
Linear 8 0.259 22.58 50

16 0.136 39.76 50

32 0.098 67.47 50
Phased 32 0.135 42.03 50

48 0.106 58.72 50

64 0.085 71.72 50

4.6.2 Transducer Simulation Evaluation

The sensitivity and dynamic range of the electronics that drives the transducers and
acquires the imaging signals affects the maximum imaging depth, as does the
sensitivity of the transduceiThe imaging depthis limited in high frequency
transducers due to attenuation in tisdnethe current study, the maximum inag

depth has been taken to be @85 for evaluating the designk is thought that the

transduceraising single crystal materials, and advancelectronics will enable
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imaging to this depth. dlvever a more realistic current maximum limit may be30

mm. It has been explained tne literaturethat higher ultrasound frequency leads to
higher resolution but at a reduced depth of penetratrath) probes of 12 MHz and

20 MHZ having a maximum depth of penetration of 29 mm and 18 mm respectively
(Liu et al. 2006) Other researchers have also reported penetration depths of different
transducers such as7eb MHz transducer with a penetration depth®8 cm(Larsen

2002) and a30 MHz and a 50 MHz transducer with 10mm and 4 mm depth of
penetration respectivelyFoster et al. 2000)It is for such reasons that 35 mm

penetration depth was used for the simulations.

Theoptimumdevice design minimises the lateral resolutiod enaximises the depth

of field and field of view,as well asmaintaining a dynamic range of 50 dB. A
dynamic range of 60 dB is what has been fourteetaseful for clinical imaging. This
dynamic ranges suppresses the secondary lobes to a level whitth nad cause
interference with the main imag¢Brown et al. 2007)Typically, a linear array would

use a 64element sulaperture with one wavelength pitch to create each image line.
This would create suffient lateral resolution and be able to suppress the secondary

lobes.

The linear array compared with the phased array provides a better resolution integral
as is shown with 32 active elements of the linear and the phased array. The linear array
providesbetter resolution, and a bigger aperture with a larger pitch makes it less

challenging in fabrication.

The resolution integral for the different array active elemeydse a clear
demonstration that som&ansducers are better than others. Tisisuseful in
establishing the different tradafs of different transducers. The actideraents in an
array are what wergmulated but the generation of an image is based on electronically
scanning through all elementghich might be as many as 256. The actusg sif the
array is greater than the active aperture onlyttetinear array since the scanning is
done by excihg small groug of elements. For a phased array, all the elements are

excited with time delays to enable steering of the beam.

98



Chapter 4: Array Modelling and Beam Simulation

4.7 Chapter discussion and conclusions

This chapter has presented the results of material characterisation of passive materials
that were used for the prototypes. These, along with the properties of thePPMN
single crystal material, were used in a simulation for anajyie effects of layer

thickness in 15 MHz virtual prototypes.

The single crystal material properties that were used are similar to those characterised
in the same group but by a different resear¢@au et al. 2011) The results in this

thesis obtained from the validated models demonstrate thatPPMBingle crysl
materials vary considerably. Staiethe-art software called PZFlex was used for the
simulation to allow for the optimisation of the array design before fabrication,
therefore reducing the overall cost of the process spent in making multiple pratotypes
Since the simulation accuracy depends on how accurate the material properties are, a
modetbuild-test approach was applied to modify the material properties to match the

results in the simulation.

The el ements of an ideal device would ha
opti mal matching to standard 50 q circuli

the device should be minimised to limit the complexity of the electronics in the system

and the size of the array. A compromise was made between these design specifications

to get a prototype. The composfte Figure 4.2)gave electrical impedance close to

the 50 q needed for matching to the el ec
do impedance matching. Since the model explained in Figure AB/ikothe active

layer, otheraddedlayers like the matching and backing will change rtlieima and

maxima impedance. This is demonstrated in Figure 4.7 where the active layer

combinedw t h t he matching and backing gave al

Re-poling for the single crystal material may be needed after it has been worked upon.
This would improve properties such as the electromechanical coupling coeffjent (k
However, looking aFigure 4.6, it seen that the changes are not so big. Focus should
therefore be paid to the fabrication process to see that the single crystal keeps its
properties after it has been worked upon. This would eliminate the challenge of re

poling a finished tnasducer prototype.
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An important note is that modelling of single crystal materials is a challenge. This is
because, the properties vary a lot between the same materials but from different
manufacturers. hmouse characterisation is almost inevitably rezpito obtain

accurate properties for the simulation.

The beam patterns demonstrated the differences between the linear and phased arrays.
Linear arrays are characterised with side lobes which are mainly due to the large pitch
whereas the phased arraysrat have side lobes and would allow imaging closer to

the elements as well as beam steering. However, the resolution integral demonstrated
that for the same number of active elements, a linear array has a higher resolution
integral compared to a phasedagtr The linear array is also less challenging to

manufacture for the same operating frequency.

The linear array with 64 elements was chosen as for demonstrating the feasibility of
fitting an ultrasound array in a needle. This is because it would provgtme
resolution over adrgedepth of field and it has a bigger pitch than a phased array at
the same frequency which would make fabrication slightly less challerigiegctive
aperture for this array would be 16 elements. This gives a resolution 6fi0ri&nd

would allow for less complicated driving electronics. Also, the fewer active elements
allow for imaging close to the elements. The 64 elements of the 15 MHz array at
wavelength pitch would give an image width of 6.4 mm. It should be noted however
that to get a good resolution below 108 the 64 elements would be used as the sub

aperture in a bigger array of about 256 elements.
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CHAPTBR

Fabri cati on Process

Chapter Profile

As explained in the previous chapters, there are many challenges to overcome when
fabricating a high frequency transd@warray integrated in a needle. A wedfined
fabrication process is crucial in achieving operational prototypes. A \scfbe
fabrication process was developed for the fabrication of the prototypes devices in this
thesis. This is to enable fabricatioh multiple units at a time which would reduce

costs. It is also done to minimise or eliminate any manual fabrication steps.

The aim of this chapter is to explain in detail the development of fabrication processes
for integrating a high frequency ultraswl transducer into a needle. The micro
fabrication methods employed are explaineechniques of characterising the active

and passive materials as well as the finished prototypes are described in Chapter 3.
The process for making high frequency piezocaositgs from PMNPT single crystals

is explained.

The different fabrication steps that were investigated to develop a feasible device are
also discussed in this chaptdihe chapter starts witan overview of the general
fabrication and packaging processps required for high frequency arrays integrated
into a needle.These processderm the basis fothe experimental worlliscussedn
Chapters 6 and 7.

The electrical interconnect between the piezoelectric material and the signal cabling is
a crucialpartof the solution to create a working and feasible devicgood strong

and electrically conductive bond was requiredtf@micro-scale featuresf the high
frequency arraysMagnetically aligned UV curable anisotropic conductive adhesive
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(ACA) and ultrasonic bonding were investigated as bonding techniques. Stencil
printing was investigated to print some of the layers such as matching and ground
connection. Dicing was also studied as a way of making fine tracks on polyimide when

copper was diced.

5.1 Process Development

The development o& fabricationprocesssuitable for manufacturing miniaturised
arrays integrated into biopsy neediesned the main focus of thiesearchMultiple
processesor critical fabrication stepsvere evaluated before the fah process steps
were chosen.The different possibilities investigated for the fabrication steps and
processes are summarised in Table 5.1 and more details arenghpgendix B The

basic aims of the fabrication are to achieve a fully functional hegfugncy transducer

by:

Making a composite from the piezoelectric material

Applying electrodes to the piezoelectric layer

Connecting electrical signal cablibhg electrodes witlan interconnect system
Adding matching layer

Adding backing layer

= =/ 4 4 -4 -2

Defining thearray elements
The process does not necessarily have to follow this order defined above but all the
steps are required to get a functional transducer. The order varies depending on the

differentfabricationmethods that are used.
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Table 5. 1: Summary of the different fabrication processes considered

Silicon micrevias 1
PDA/RTS/010610 q

Conductive
Matching
PD®/RTS/031210

Conductive backing
PD®/RTS/010211

Flexicircuit
matching
PDO4/RTS/080711

Wafer scale
PD®/RTS/010811

Process name anc Key points
number

Micro-vias through the backing layer used for electrical interconn
Easy for wafeiscale fabrication since the flegircuit is attached a
the end of the process
Multiple micro-vias present a big challenge in the confined spac¢
Matching layer is used as a common ground
Ground is at the front face of the transducer, providing elect
shiedding, which improves safety
Ultrasound energy attenuation is increased through the condt
matching due to the heavy metal particles
Backing layer is used as a common ground
The active surface is at the front facelwd transducer
Needs extra ground on the front of the transducer for shielding
safety
Difficult to optimise the backing due to the metal particles in the ef
for conductivity

Matching layer is replaced byflexi circuit with the array electrod:
pattern

Number of material layelis reduced

Good design is needed to minimise attenuation at the front face |
transducer

Alignment and electrical connection between electrodes
piezoelectric substrate aniéx circuit can be challenging

Multiple devices are defined on a single large plate of composit
Strips of epoxy are cast between regions of active composite
make space for the interconnects

Connections are away from tpath of the ultrasound wave

Uses the conventional materials for all the layers

The earlier versions (described in detail in Appendix B) of the fabrication processes
were not taken forward to make prototypes due to the different limitations they

possessed

The process with the silicon mieckias had the advantage of using optimised materials
for both the matching and the backing. Mistias through the backing layer would
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create the link to the ground electrode at the back of the active layer. Thissproces
would be the most ideal for wafer scale fabrication since different layer electrical
connections would be among the last steps of the process. The limitation for this was
to get the multiple micrwias of about @0 um through the backing layer with an
agect ratio of 8. This would mean making the vias through the backing and then
attaching the backing to the active layer with conductive epoxy. The possible options
for making the micrevias included sand blasting and laser drilling.

The conductive matchingrocess meant that the acoustic attenuation at the front end
of the transducer would be too high. To get a good conductive layer, high volume
fractions of silver or gold particles would have to be added to epoxy. For this reason,

it would be impossible thave a good acoustic matching with good conductivity.

The conductive backing process presented the opportunity of have the highly
acoustically attenuative material at the back of the transducer. The main reason for this
is to reduce the number of layensdathe fabrication steps. The limitation with this
process is that the active electrical connection is at the front of the transducer making
it close to the body being examined. This would mean that extra shielding would be

needed to increase safety. laiso difficult to optimise the backing material.

The flexicircuit matching process served as a way to reduce the number of layer and
to ease the fabrication due to the reduced steps. Layers of the optimised matching need
to beinvestigatedas well as théonding layers and techniques so that layers did not
create many hard boundaries. This process presents great potential and it is something
to investigate as the next stage of development following on from the feasibility study

presented in this thesis.

It is important to develop a process that makes fabrication simple to reduce the cost
and also to enable simultaneous fabrication of multiple transducers. The process
termed Awafer scaled (PDO5/RTS/010811)
developmenimainly because it maintains the use of conventional materials for all

layers of the transducer and it simplifies the interconnect method. This process is

further explained in Figure 5.1. It focuses on two areas:
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1. It introduces potential for wafer scabbrication of arrays and single element
transducers, and

2. Packagingf these transducers into small tubes which represent needles.

The fabrication ofa single elementiransducerpresents fewer challenges when
compared to an array, which has multiple eletaieeach with its own independent
electrical signal connection. Figusel illustrates the final process steps developed for
fabricating the transducers in this thesis. The wafer scale fabrication process highlights
the steps in making an ultrasound tduer. Since the dimensions are small, the
transducers are made from large section and only cut down to individual transducers

or arrays at a late stage.

The active substradeof the different prototypes fabricated in this thesis were either
made ofCTS 3203HD (@ PZT-5H type materigl, or one of thetwo single crystal
materials: éad magnesium niobakead titanate (PMMN9PT)(a binary single crystal
material)and manganesgoped lead indium niobatead magnesium niobatead
titanate (Mn:PINPMN-PT) (a ternary single crystal material)The single element
transducers were made from31lcomposites of the single crystal materiads
demonstratdeasibility of fabrication with these materials at low temperatures. The
results of these single element prototyee discussed in Chapter 6. The results in
Chapter 7 demonstrate the arrays that were made using the process described in Figure
5.1. These were mainly to demonstrate the feasibility of the electrical interconnect and
element definition process steps. £8203HD was used for these arrays, and even
though these can withstand higher temperatures and pressuréhe PMNPT

piezocrystad, the process followed that of the single crystal materials prototypes.

The maximum working temperatur®MN-PT materialsin medical imaging
transducers is approximately 80 (Qiu etal. 2011) It is therefore important that the
fabrication processes for devigasorporating these materials must be kept below this
limit. The maximum working temperature in the process developed w&s 50
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The bulk piezoelectric material is attached to filmetamd
diced with a high precision dicing saw. The feed rate,

spindle speed are optimised. Pillar aspect ratio of less tha
10 is cut to reduced breakage.

Diced pillars are filled with low shrinkage epoxy to make
3 piezocomposite while still on the same tape used for
dicing. This ensures that the migpdlars are not broken
during moving. The filled composite is cured overnight an
post cured at 50°C for 3hrs to improve structural strength

Excess epoxy on top of the pillars is lappeitofexpose
pillars and themolished.

Strips of about @0 pum are diced at intervals 009 um to
definethe length of each element in the array. These are
filled with epoxy beforecuring and lapping. Ground
electrode is applied, ideallyy evaporation or sputtering. Of
top of theepoxystrips, conductive strips are printed using
pre-defined mask. A matching layer is cast and lapped to
thicknessexposing the conductive strips

(e) Apply active electrode and flexircuit

(g) Separate stacks

1]

(h) Dice to separate elements

[T

LI

The wafer is flipped over and the composite is
lapped to thickness.

A patterned flexicircuit is attached withow temperature
curing epoxy ad curel at 50°C for 1hr.

The backing layer is cast using gtefined moulds tohte
size of the total array area.

The stacks, with, matching, active flesircuit and
backing, are separatéwm the waferby dicing.

Elements in the array aseparated by dicing from the
front sideand conductive epoxy is used to join the groun
and connected with one electrical connections

Fill the kerf with epoxy

Figure 5. 1: The processlow diagram for fabricating an ultrasound array that can be integratedinto

a biopsy needle
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5.2 Transducer Fabrication Process

5.2.1 The Transducer Stack
The fabrication steps illustrated in Figure 5.1 are explained in more detail in this

section.These fabrication steps, explained in detail in the folloveeguencehave
been developetb be suitabledr small waferscale manufacturingand compatible
with processing PMMNPT single crystal materials. The process steps presented here
can also be adapted to higher frequency devices witimahiezoelectric layers

because th array is always handled on a substrate until fully encapsulated.

1. To make the active transducer substrate, a piezocrystal plate is placighen
substrate, and diced in two orthogonal directions using a high precision dicing
saw (MicroAce Loadpoint,Swindon, UK) (Figure 8.(a)and Figure 5.2 By
using a blade spindle speed as low as 10000 rpm and material feed rate of 0.25
mm/s, sets of cuts in two orthogonal directions were made in one process step.
Piezocrystal composites with a pitch as smalléks% m wer e f abr i cal
15 em thick blade, suitable fThisistr ans.
to achieve an aspect ratio (heigbtwidth) of 1.67 which is the maximum

acceptable for a-3 compositéLiu et al. 2001)
Inter-pillar

gaps

Piezoelectric
square pillars

Figure 5. 2: Diced piezoelectric material before filling with epoxy

2. The diced pillars are then filled with low shrinkage epasghown in Figure
5.3, to make 83 piezocomposite.After filling the diced plate wih a low
shrinkage epoxyEPOFIX Struers, UK), the substrate is left to cure at room

temperature before pestiring at 50°C for 3 hours (Figure 5.1(b)). The post
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cure is used to increase the glass transition temperature of the epoxy, which
makes the wafanore temperature resistgBernassau et al. 201The epoxy
is filled to at least 2 mm above the pillars to allow for the curvature formed
when curing. Ithiscurvature touches the pillars, it is possible to get some areas

of the pillars that are not filled with epoxy.

Low shrinkage epoxy

Piezocomposite pillars

Figure 5. 3: Piezocomposite pillars filled with epoxy before lapping

Forwafer s cal e fabrication, 400 em wide chc¢
through the piezocomposite wafer, defining the larabtf multiple arrays on

a single substrate. The channels are filled with epoxy. At later fabrication
stages, the epoxy channels beside the active piezocomposite are underneath the
electrical interconnect. This is so that the connections are away frauotie

area of the device to prevent interference to passage of the ultrasound wave.

. The composites are then removed from the tape and attached with a thin layer

of wax to a glass substrate. The composites are thinned using a lapping and
polishing machinéLogitech Ltd, Old Kilpartrick, Scotland, UK) to expose the

pillars on one face of thpiezocomposite (Figugel(c))and Figure 54.

Epoxy

Piezoelectric pillars

Figure 5.4: Lapped composites showing the pillars and epoxy
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5. A silver paint electrode (Electrodag 1415M) is applied to the surface of the
piezocompositeshown in Figure 5,5orming the ground electrode on the front
face of the array elementth manufacturing, the electrode would either be
sputtered or evaporated since these methods would give controllability to the
thickness of the electrode, and improved conductivity. &oomposite plates
in this thesis had evaporated electrodes ofACras discussed under the
electrode definition later in this section.

Figure 5. 5: lllustration of a conductive electrode on top a igzoelectric composite

6. Strips of silver istropic conductive adhesive (ICA) epoxy (Agar Scientific
Limited, UK) asshown in Figure 56 are cast, using a mylar mask, above the
400 em wide passive epoxy chaeaeealel s. i
through stencil printindor commercialmanufacturingof the devices The

silver epoxy layer is used as thecess for the ground connection

Figure 5. 6: Printed conductive strips on top of the conductive layer

7. The matching layer is cast on the front face of ileegromposite to avoid the
bondlines(Figure 5.7) The matching layer is Epofix epoxy loaded with 15 %
alumina by vol ume, using 3 em al umina
adjusted accaling to the acoustic impedance of the active substrate. The
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matching layer is then lapped down tavdvelengththickness at the specified
operating frequency. Since the matching for the 18zMprototypes was
thinner than 6 pm, it important to cast a thlayer of the material to reduce
the time required for the lapping step. The overall cast matching layer before
lapping should not exceed 500 um thick. Due téoigviscosity, early tests of
patterning the matching layer in this study showed that it coolde easily
stencil printedAfter lapping, the front surfasef the conductive epoxy strips
are exposed and give assdo the ground electrode (Figé(d)) and Figure
5.7

Matching layer

/

Conductive strips

Electrode

Piezoelectric
material

Figure 5. 7: lllustrustration of matching layer on top of the piezoelectric materie
with an electrode in the middle

. The wafer is inverted on the glass substrate, and lapped toeettpo$ack

surface of the piezocompositeigure 5.8)

4
il

71!

Figure 5. 8: Stack after lapping the back face to apply the back electrode

. Silver paint electrodes are applied to the back face of the piezocomposite,
forming the signal electrodéBigure 5.9) It is important to note that sputtered

or evaporated electrodes woubg better but the silver paint was used to
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quickly get prototypes. The wafer is diced so that a passive epoxy channel, over
which the array interconnects can be positioned, is at the edge of the wafer.

Figure 5. 9: Back face electrode on top of the other layers

10. A patterned flexcircuit is bonded to thelectrode above the passive epoxy
channels using a low temperature curing conductive egesgribed in  Step
5, and cured at 5@ for 40 minutes to achieve good conductiyiigure5.1(e)
and Figure 5.10 The ICA used for bonding the flexircuit to the substrate
was thin coated at the edge of the substrate using a mylar sheet as a guide mask.
More details about the flexiircuit fabrication are discussed 8ection 5.7

Flexicircuit

Figure 5. 10: Flexi circuit bonded on to the backelectrode

11.An absorbing backing layer is cast into a mould placed onto the bdece
of the array and the edge of the flex cir¢hdt coversthe®0 e m wi de pas
epoxy channel in the piezocomposite (Fmg5.1(f) and Figure 5.11 The
backing layer consists of epolgaded with 8% tungsten by volume, using 5
€ m p oed thregsen. The volume of the tungsten in the epoxy can be
adjusted to get the best trad# between good bandwidth and sensitivity.
Since the overall dimensions of the transducer stack are limited by the size of
the biopsy needle into which they will be placie, backing is limited tabout
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1 mm thick. If this thickness is not enough to attenuate ultrasound pulses for a

given operating frequencyhe back face can be curved by machining to

prevent coherent reflections.

Figure 5. 11: Backing layer cast on top of the other layers

12. After all layers have been s@in place, the wafer is diced to separate the
completed acoustic stack from the rest of the array (Figure 5.1(g)).

13.The array elements are then diced. This is done hyounting the single
device after separating from the main wafer. The arrays aralibesh using a
high-precision dicing sawThe array elements were dicéal separate them
mechanically and electrically, defining the array in the final step (Figure
5.1(h)). The array is diced from the front face through the composite tayer,
the edge othe flex circuit, and part way into the backing layer to inhibit
mechanical crosstalk between elements. The alignment for dicing the array
elements is taken from the patterned tracks on the flex circuit, which are facing
toward the front face of the arraand easily visible when dicing. Careful
sanding of the backing layer was done to achieve a flat base which is needed
for the dicing to separate the elements. A flat holder for the array might provide
a better alternative for holding the array on the ti@pe during dicing. The
array elements were found to be veryustowhen a blade of less thart3of
the overall pitch was used.

14.For electrical insulation and improved structural integrity, electrical insulating
varnish (commonly used to insulate printectuit boards (PCByvas used to

carefully fill thekerfs of the arrays using a small paint brush.

115



Chapter 5: Fabrication Process Devetopnt

15.The ground electrode was theainted to conneetll the array elements and to
the back of the flexcircuit. This ground electrode was used to join all the
elements at the front end of the transducer at the side where there was ICA,
explained in Step 5. This formed a common electrical contact that was used for
the ground connection.

16. After the array is completed and removed from die@ng tape,the novel
palyimide flexi-circuit is twisted into a spiral shape to fit within the core of the
biopsy needle. This geometry permits large numbers of electrode tracks, and
consequently elements, because the width of the flex circuit is not limited by
the width of the aedle. Since the fabrication steps involving critical transducer
thicknesses(active substrate, matching, interconnects and backing) are
completed on thevafer, the process is compatible with small wafer scale
manufacturing The flexcircuit interconnect r@d cast backing layer can be
completed for a row of arrayen the wafer to parallelize the later stages of
fabrication.

5.2.2 Electrode Definition

Silver paint was used to get quick prototypes to test the fabrication process. Thin
electrodes were obtained thvay for the prototypes. &ku electrodes would provide

a better connection to the silver paint and therefore it was investigated how it can fit it
with the process. The thin film coatirmy the both sides of the active element was
important for the electral linkage to the driving electrosicEarlier prototypes in this
project had silver paint or silver ink applied by hand to allow for yielding prototypes
quickly andto test the process. Electrbeam (E-beam)evaporation as shown in
Figure 512 was therused as the preferred method for coating the active layers with
thin (0.5 pm) layer of gold with chromium as adhesiofayer. With this method, it

was easy to distinguish between the piezoelectric material and the epoxy surrounding
it. The excess epoxyas used to provide extra space for bondimgflexible circuit

interconnects
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(a) F Piezoe\lfctric (b)

PasS mm -

.i.xcess epoxy

Figure 5. 12: (a)E-beam evaporation chamber andb) samplewith evaporated thin film electrode
Two regions of piezoelectric material from which arrays can be made are shown surrounded t
epoxy.

5.3 Single Element Transducer Fabrication

5.3.1 The Transducer Stack

Single element transducers operatipgto 22 MHz werefabricated usig the steps
described in Figure. B(a-g) to testhefeasibility of the process steps for a miniature,
high frequencyransducerThe single element prototypes discussed in this thesis were
made from 13 composites of CTS 3203HD, PMROPT (binary material) and
Mn:PIN-PMN-PT (doped ternarynaterial). The specific details of these transducers
are discussed in Chapter 6. As an example, the PWINomposite single element
transducer fabrication is given below.

1 A 1-3 piezocomposite with 36% volume fraction PN2R%PT was fabricated,
and a matcimg layer of 15%vol alummaloaded epoxyvascast on the front
face for the matching layer.

T The matching | ayer was | appedtot8® 40
e m.

1 Multiple single element transducers with dimension (length x width x
thickness) 1.5nm x 1 mm x 1 mm were cut from asdm x 4 mm x 1 mm
transducer stack.

i Each single element transducer laaghort section of flex circuit connected to
the signal (back) electrode with conductive epoxy using the same process
developed for the array, illustied in Figire5.1(e). A micro-coaxial cable was
attached to the flex circuit to connect to driving circuitry. Theleavas

trimmed to ¥4 wavelengtiat the driving frequesy to match the electrical
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i mpedance of t he(Ritter 2000;sRittarceeal. 2002he5 0 q
completed transducer stack was placed into a slot cut into a 2.13 mm diameter

tungsten tube, and fixed with epox

5.4 Piezoelectric Composite Fabrication

Thel-3 piezocomposite was made fr@i'S 3203HDand two single crystal materials
(binary PMNPT single crystal and doped ternary Mn:FPNIN-PT), which are

fragile material¢Zipparo et al. 1999)'he specific details of the fabricated composites

are discussed in Chapter 6. Conventionally, such composites are made using a dice
and fill method(Smith 1989) and this was adapted for the fiseale composite
fabrication in this thesis. Figure 13. illustrates the dicing saWMicroAce 66,
Loadpoint,Swindon, UK) that was used for dicing to make mipiitars. By using
carefully controlled parameters such asmigpindle speed, feed rate and coolant feed

rate, the breakage of the pillars was minimised during dicing.

Dicing blade

Flexicircuit ample

N

Figure 5. 13:An illustration of the MicroAce dicing saw interior and the array with the flexi-circuit

during dicing

Multiple piezocomposites were fabricated; the main driving factor for the pillar size
and volume fraction was the desired frequency fotrdmesducer. Since the height to

width pillar aspect ratio in a composite has to be > 1.6, the pillars were diced with an
aspect ratio of 8. It was found from experience that it was important to dice an aspect
ratio of < 10 to minimise pillar breakage. Toeolant feed rate was set to 0.9 L/min

as this was enough to wash away any dust and cool the sample as well as being gentle

to the fragile pillargWallace 2007)
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The sample feed rate through the blade determines how long dicing the entire sample
would take. Feedates below 0.25 mm/s yielded good pillars as long as the blade
spindle speed was at 10000 rpm. This rpm was chosen based on the literature discussed
in Section 2.6.5. This rpm was initially kept as the standard for dicing. Higher feed
rateand spindle spekdncreased the likelihood of pillar breakageamples of single

crystal materials diced are shown in Figure45The compose in (b) was diced with

a higher feed rate than that in (a). Both composites were achieved by dicing two

orthogonal directionsdjore filling with epoxy.
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good pillars, (b) shows pillars which have been broken during dicing.

It has been suggested that for high frequency composites, it would be preferable to
dice one direction, fill with epoxy and then lap before doing the same to the
perpendicular direction, with some researchers dicing redangillars instead of
square onegMichau et al. 2002; Ren et al. 2008)his is to cause as few pillar
breakages as possible. This way of making composites is rathermmsienting for a
process that is slow anyway. An example of the dicing in this thesis is of the binary
single crystal material used for the prototype discussed in Chapter 6 with a snapshot

given below:

1 By using different feed rates and cut depths for tHerdint sides of the crystal,
good 13 pillars were achieveid one dicing stp.

1 A feed rateof 0.25 mm/swvas usedor the first cut and thereducedto 0.2
mm/s for the second cut.

9 The cut depth of ZBum forthe firstpass an@30 umfor the secod was used
for pillars aimed to work at 15 MHz.

1 Both orthogonal cuts were made before filling with epoxy
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1 The composite samples were lapped after filling with epoxy to achieve the

desired thickness for the operational frequency

5.5 Material Thinning

The thickness of the active layer of an ultrasound device determines the resonance
frequency. For this reason, the material is thinned down to get the desired frequency.
The matching layer is thinned down to achieve optimised acoustic matching between
the transduaeand the body to be investigated. This fabrication step is therefore very

important for optimising the layers for the desired performance of the device.

The passive and actiVayers of the transducererethinned down using a lapping and
polishing machme (PMS, Logitech, Old Kilpartrick, Scotland, UK) shown in Figure
5.15. An abrasive slurry with 20 um alumina powder was used first to reduce the
thickness of the material to approximately 300 um. A smaller alumina patrticle size of

9 um was then used ihe abrasive slurry to thin the material furtbhefore a 3 pm
particlesize was used to thin down to the final thickn@srnassau et al. 20Q7)his

was done to ensure that the right thickness is obtained and the roughness of the surface
is minimised. The sample thickness was measured with a lapgidgring lapping

and polishing and it was confirmed on a granite master flat (Logitech Ltd, Old

Kilpatrick, UK) after the sample was d®nded from the lapping substrate.

Polishing suspension type SF1 (Logitech, Old Kilpartrick, Scotland, UK) was
thereafer used for polishing the surface before conductive electrodes were applied.

The lapping plate flatness was monitored using a flatness monitor.
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Flatness monitor Lapping/Polishing Ji

Lapping Plate

Figure 5. 15: An illustration of a lapping and polishing machine used for thinning down activ
and passive layers

During lapping, it is important to have the lapping plates properly maintained as this
greatly affets the flatness of the finished surface. A flathness gauge was used to
determine whether the plate was flat, and a flatness monitor used to enable the flatness

to be maintained through a feedback system.

5.4.1 Surface Profile

The piezocomposite surface needse prepared to a standard that would facilitate
easy application of subsequent layers. After lapping,Bpi&zocomposite has height
differences between the pillars and the epoxy filler making it difficult to get a smooth
and planar surfac@Bernassau et al. 2011Vithout planar surfaces, it is difficult to
deposit and pattern continuous electrodes with techniques such as photolithography.
Lapping and polising was done on the composites to achieve a smooth surface.
Surface analysis of the composite was performed using a Zygo NewView 5200 white
light interferometer(Zygo Corporation, CT, USA) toheck the difference in height
between the pillars and tepoxy. An example is shown in Figurelb. The composite
tested in this figure shows a maximum height difference of 0.75 pum which was
obtained after lapping with 3 pedumina slurryand polishing for 30 minutes. More
polishing would create a smoother surfand ¢gherefore such tesg can be used to
optimise thesurface smoothness for a particular processing technitfbgde some
rougmess on aurface is needed to promote adhesihin film deposited electrodes,
patterning of electrodes with photolithogrgphequires a veryflat surface with

minimal difference in height between materials. It sholdd ae noted that although
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photolithographyvas not used in the work in this thesiss likely to be incorporated

in future development.
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Figure 5. 16:An example of a surface profile of a lapped and polished composite with Zygo wt
light interferometry: (a) is the surface view of the conposite with the red colour highlight areas
with raised surfaces, (B is the suface profile across the line in (a).

5.6 Flexi-Circuit Design andFabrication

The flexicircuit designis highly depended on how it to be fitted into the needle after
it is attached to the array. The connection of the fbinduit to the array is shown in
Figure5.17. An example of a commercially availabliepsy needle is also illustrated.

With the inner diameter of 1.5 mm the array widibud have to be less thar2 mm.

\

needle
length = 10 cm
@1.5 mm
linear array
transducer )
128 element

@
7 3N

23
P
polyimide

@0.8 mm tungsten wire for strip

mechanical support and
electrical grounding

Figure 5. 17: A schematic illustration of a spirally rolled flexi-circuit attached to the side of an
ultrasound array. A commercial needle is also shown; it has a length of 10 cm and an inner
diameter of 1.5 mm(Ng et al. 2011)

The flextcircuit was designed using £2aCAD (Autodesk, CA, USA) design software.

The aim was to get a flexircuit with a pitch ofLO0 um at the tipvhere it was to be
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connected to the array. Figurd®shows the flextircuit mask that was designed. For
the 100 umpitch, the conductive liree(L) of 50um and separation (S) of 30n were
designed alongside that of 60/40 (L/S). A smaller pitch ofi®Owvas also added to

test the limit of the fabrication process.

50/50 1./S

Fanout

60/40 L/S

Ground line

30/30 L/S ]

Figure 5. 18: The flexi-circuit designed to meet the challenges ditting into a needle. The tip is
straight to allow for dicing and the angle allows for rolling.

The angleof 4 5 ¢  ardllihgooivthe flexicircuit so that it does not cover the front

side of the active array. The tip of the flexicuit is straight sdhat it is easily
connected to the array and diced to separate the elements. Such design can be slightly
changed where dicing to separate the elements is not required. Rolling of this flexi
circuit might need half folding at the tip so that the arrayeardd. The dimensions

of the flextcircuit are shown in Figure B below.
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3,12

5,84
12,31

11,85

39,37

118,27

Figure 5. 19: The designed flexicircuit with all the dimensions. The dark part is where the pitch
istoo small to be shown.

The flextcircuit shown in Figuré.20 hassane adjusmentsto that shown in Figure

5.19 to enable testing of different properties. The pitches of below 60 um were
designed on the short tracks with famts on both ends. This was to enable testing for
continuity and shorting between tracks. The-éan for the flexi-circuit was designed

to enable easy soldering of miectoaxial wires. The faout in this design did not
follow the 4 5aggle discussed above. This is because it was less time consuming to

design it this way. This was done to enable prototypes to be achieved.

Figure 5. 20: The second design of flexiircuit that was used to get more prototypes

5.6.1 Dicing to Pattern the FlexiCircuit

Achieving a very finepitch flexi-circuit presents many challerggeDicing to remove
strips of copper from polyimide was logd at as a way to make micipitched
conductive tracksThe rationale behind this is that the thinnest dicing blades on the
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market are 10 um. This can theoretically be used to makedikexiit with 30 pm
pitch tracks The prototype shown iRigure5.21 was of a large pitc of 300 um and
finer pitches vere beyond the scope of this study as a different méthgaained in
Section5.62) for getting the desired flexdgircuit for the 15 MHz prototyes was

developed.

The limitation to the diced flexgircuits is that theystill need a farout for the cable
connections. Aaddedcomponentneeds to benadeusing a different method and
conneced to the flexicircuit which can later be diced to separdite tracks.
Photolithography on silicon can achieve very fine features and could be used to get a

good connectioto the flexicircuit.

Another challenge with this method is that the scratch diceddleoit is a lot more
rigid than a photolithographyagterned one. This would make it more difficult to roll

into the design chosen for the prototypes in this thesis.

Figure 5. 21:Diced flexi-circuit with and etched fan-out. A photolithography patterned end wa:
attached to a diced flexcircuit.

5.6.2 Chemical copper etching of the flexcircuit

One of the biggest challenges in high frequency transducessinlieelectrical
connectios and how they are bonded to the active lafiguset al. 2008) For efficient
performance, the electrical connections should be attached away from the path of the

ultrasound energy as explainedSection5.2.

A flex circuit connected to the piezoel e
conductive tracks to define array elements suitable for a 15 MHz linear array. The

polyimide flexible printed circuit, with fine pitch traces, was twisted into a helical
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structure in order fit within the core of the biopsy needle and permit large numbers of

elements and electrode traces.

A custom inrhouse photolithography method to fabricate the -fieguit was
developedyy theMicro Systems Engineering CenidISEC) group at HeriodwWatt
Universityas part of théntegrated Silicon Piezoadtic Ultrasound DevicedSPUD)
project. This photolithography method was used to pattern a standard
copper/polyimiddlexible circuit that iscommonly used in electronics. The measur
thickness of the copper is 18 um with a combined thickness with the polyimide of 63
pum. This thickness means the polyimide is strong enough to allow the rolling to make

a spiral flexicircuit.
The flexicircuit fabrication was achieved using the step®w;

1. Dry-film photoresist (Ordyl Alpha 940, Elga Europe, Italy) was laminated on
to the copper/polyimide sheet

2. A photomask was placed on top of this laminate before exposing under UV
(Model 152R, Tamarack Scientifiight for 3 secondsit energy levieof 35
mJ/cnt to produce a result such as that shown in Figi@ 5The laminating
step eliminated the need for a dedicated copper/polyimide sheet tensioner that
would be needed for tensioning the polyimide sheet in case the standard spin
on photoresiswas used.

3. The exposure is left to sit for 30 minutes so that the polymer cures. Too long
will lead to over curing.

4. Development and etching was carried out to leave the desired conductive tracks
on the polyimide. This was achieved through applicatiarcofistic streaming
using a 1 MHz ultrasound transdud@ostello et al. 2011; Kaufmann et al.
2008) Figure 5.2 is an illustration of the experimental agi of the acoustic
streaming method. Thdtrasound transducer is placed at a distance away from
the developing solution or copper etching bath, and the acoustic radiation force

from the transducer induces streaming in the fluid.

In the etchingprocess, the acoustic streaming enhances the fftwd around the

flexible circuit substratéCostello et al. 2011anderablesthe formation of streaming
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micro air bubbleghat improves the efficiency of the wet chemistry processes for
developing and copper etching on the bumpy flexible substiidte.air bubbles are
mainly created in the cupric chloride etching solutiod aignificantly improves the
copper oxidation uniformity which would otherwise be challenging due to the fact the
flexible substrate is utensioned. The tiny air bubbles through cavitation also allow
more oxygen to reach inside the narrow gaps for mdiezit etching through the air
regenerative cupric chloride etching bétly, Ssekitoleko, Flynn, Kay, Demore, et al.
2011)

The methodexplained abovés a low cost alternative to applying the large scale
fabrication equiment to flatten the large flexible copper/polyimide sheet so a liquid
photoresist can be usebthe application and patterning photoresist usually requires a
very flat surface so that the photoresist can be spun on to a very accurate and consistent

thicknes.

Vertical mounting of
substrate using silicone

1 MH i
ZacoUshe Cupric chloride

trafg‘ﬂ‘ﬂ_ﬂ etching bath

Figure 5. 22: The set up for the water tank used for acoustic streaming for enhancing @ting
efficiency for flexible substrates (Ng et al., 2011)

Tracks with a pitch of Aappedtracksnas (IBtkatectiom | i n
Figure 523, were fabricated with this method for the 15 MHz transducEngse

results were good enough to produce continuous conductive tracks. Reducing the
etching time and optimising the acoustic streaming would help to produce tracks with
increased widthT he s mal | est pitch achieved with
investigations of employing a specialty grdugh resolution dry film photoresisind

further optimising theacousticstreaming fodefinitonof t r acks bel ow 4 (

would be needed.
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Figure 5. 23:Microscopeimageof copper micro-tracks on polyimide. The copper tracks at the
tip are 18.49um with a gap of 43.62um giving a pitch of 62.11um. The gray-scale image show
that the tracks widen as well as the gap when they are away from the tgnd of the flexkcircuit.

5.7 Novel Conductive Bondingand InterconnectMethods

The dimensional constraints for the int@moects have been discussed éct®n5.2.

The elemets for the 15 MHz array would leave space of about 70 um by 200 pum

and therefore the bonding method should allow bonding to such contact pad. However,
it should be remembered that dicing to separate the elements is carried out a few steps
after bonding.This would leave a stronger bond since all the other layers are added
before dicing. Also, in case of kerfless arrajising is not needed and therefore the

contact pad area is increased.

Bonding proved to be one of the bottle necks for packaging oflttesaund arrays

into a biopsy needle. The use of fine pitch flexcuit for electrical connections meant
that ithad to have a good electrical bond to the other layers in the transBooen
temperature curable isotropic conductive adhefi€@d\) (silver-loaded conductive
epoxy) was used iall the prototypesiemonstrated in this thesiBhe thickness and
width of the ICA could be improved by knife coating using a mask or through stencil

printing.

However, otherbonding methods including UV curable arsotropic conductive
adhesive (ACA) and ultrasonic bonding, were investigéiégl Ssekitoleko, Flynn,
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Kay, Demore, et al. 2011Jhis work was done in parallel with the development of the

prototypes, so was not usedfabrication of the prototypes.

The main challenges that the work in this thesis was aiming to solve are relating to

bonding of interconnects to the transducer arrays include;

1 Bonding tosmall contact pagkince there is no room for faout
1 Using low temperat@ methods due to the single crystal material used as the
active substrate

1 Alignment of the flexicircuit to the substrate

5.7.1 UV Curable Anisotropic Conductive Adhesive

If a kerfless array is required, ACABovide an alternative tsotropic conductive
adhesie that can be used when the array elementsmachanically separated after
being connected to the flexible circuihese adhesives only conduct electricity in one
direction and they therefore cannot cause shorting between elements when used in an
array.Kerfless arrays can be achieved by either scratch dicing or photolithography to
define the electrodes of active elements. The disadvantage of such arrays is the
increased crosstalk that would be introduced as a result of the absence of air gaps to
separat the elements. The crosstalk can however be minimisedppyopriate

composite ad array desiggDemore 2006)

Bonding of the flexicircuit to the patterned active elements would need tACFe.

ICA would not provide the electrical isolation for each element whicteéxled for
exciting elements for beam focusing and steering, hence the need for anisotropic
adhesive. Thermally curabeCA is widely available and used industry but the
minimum curing temperature is over 28QBernassau et al. 20Q90his is very high

for the PMNPT single crystal whichas a phase transition &°6. UV curable ACA

provides a route where the sample iseqiosed toilgh temperatures.

This ACA (UV ZTACH™ 830NS, SunRay Scientificpnsists of conductive particles
with paramagnetic cosand UV curable epoxy. A magnetic field is used for alignment
of the particles into columns which allows for the small contact paal thereby

conducting in only one direction-gxis). The particle size is 3 um and this allows for
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it to be used witlsmall pad area on both the element and the-8eguit. It is a two

partadhesivewith a mixing weight ratio of 96:4, epoxy to catalygt. schematic of

the ACA and the experimaaltsetup for its curing are shown in Figure 8.2

I Flex circuit
| T I (a)
L
Flex circuit ACA th
0 2 paramagnetic
T | conductive particles
L
[ Flex circuit ll : magnetic : i
: E ' feld + UV irradiation
0 ::B:Ej ¥ )
[ PMN-PT / epoxy .| Z axls

Figure 5. 24: (@) A schematic of the of roomtemperature ACA bonding using paramagnetic
conductive particles and UV curable epoxy,k) experimental setup.

A bonding method similar to the flphip bonding for anisotropic conductive film
(ACF) would be requiredbo alignthe fine pitch connection of the flegircuit and the
defined active electrodes. ACF is commonly used in the electronics industry but it
needs high pressure and temperature for a good bond and therefore is not suitable for
the PMNPT single crystatompositesThe recommended UV intensity fauring the

ACA is 800-1700 mW/cn for 2-5 minutes with a magnetic field of at least 40fLGs.

The depositing thicknesd @5 to 150 um is also recommended for good curing. UV
light is used to irradiate the ACA, curing the epoxy and therefore provadgupd

bond between the flexdircuit and thearray elements.The minimum bond area
recommended for this ACA is 40 um by 40 pwhich means that this bonding
mechanism has a potential of being used for arrays of up to 30 MHz with a pitch of 50
pum and a sepation of 10um. Since this ACA is 31m patrticles, it would be ideal for

the application.

Preliminary experimentso test how well the UV curable ACA would perform,
demonstratethat for opaque substrates where the UV light had to be irradiated from
the sie, the adhesive that was between the substrates did not cure even with a very
large UV dose. Different dimensions of the epoxy were tested viighetit thickness.

As shown in kgure 5.25, thin stencil printed bumps of 290 um diameter cured well

whereasihes did not cure well. The thinnest line was closest to the UV light and cured
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where others did not cure. After testing with transparent conductive materials it was
seen that curing @arred and a good mechanical and electrical bondialsisvedNg
et al. 2011) Therefore, subsequent experiments were done where theifaxt had

a laser at-throughthrough the polyimide layers, leaving the copper traaksshown

in Figure 5.3, to allow UV light to reach the epoxy. Theawelength of UV light
(LINOS Photonics LQ UV 1000) used was 3240 nm and tB maximum UV
intensity used wa$60 mW/cni for 25 minutes.

Figure 5. 26: A flexi-circuit with a laser cut-through to allow UV light to reach the epoxyfor
curing

A kerfless array was made to test the functionality of tee-tircuit bonded to the
elements using the UV curable ACA. To make kbdless array, scratch dicing was
done on a PMMNPT plate to separate the electrodes into individleghents as shown

in Figure 5.Z. The pitch of the scratch dicing was 300 pum vi€hum separation.
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Element

Figure 5. 27:Scratch diced PMNPT single crystal plate for kerfless arrays

A flexi-circuit with the same pitch was attached to the scrdicbd pezoelectric
material (Figure 52(a)). The flextcircuit with the laser cuthrough enabled epoxy
curing with the UMlight. The impedance results (Figu28(b)) showed thaa good
connection was achieved daur out of 18 elemert in this first prototype. This
prototype demonstrates ththe UV curable epoxy work&urther optimisation to how

the flexkcircuit is held onto the elements during curing Woumprove the results.
There was no shorting of any elements when tested with ametér. The multiple
resonances seen oretiraph are due to the dimensions of the active element and due
to the fact the material is not a composite. The bonds werevsswot very strong

and needd theuse of an undéiill to improve the mechanical integrity.

. | (B S—_—
Flexi-Circuit e

‘h Anti-resonance ~—Element 7
g

frequency

Impeddance Magnitude (Ohms)
wow ow
8

g

0
0.50 150 2.50 3.50 4.50 T 5.50 6.50 t.ﬁﬂ 850 9.50

Other modes of 2nd resonance
harmonic resonances ~ Résonance frequency

Figure 5.28:(a) Scratch dicedarray of PMN-PT single crystalmaterial attached to a flexicircuit by
UV ACA, (b) Electrical impedance magnitude plots of the workingelementson the array.
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5.7.2 Ultrasonic Bonding

Under ultrasonic bonding, ultrasound vibration is used to provide energy for bonding
two surfaces. fie two surfaces, each with a goelectrode ee joined together with

the aid of ultrasoundxcitation

Early testresultsto determine how good the bonds wetgowed that ultrasonic
bonding might be a way to bond without introducing foreign bonding materials such
as epoxy. The flexcircuit was bonded directly to the piezoelectric sample and
subsequent dicinggas used t@eparate the elements in the array. It was noticed that
the surface roughness of the sample played an important role in getting a good bond.
Successful bonding was ordghievedwhen the samples were lapped with 20 pm or

9 um alumina abrasive. The 3 um lapped surface did not yield a successful bond. The
copper surface on the flegircuit also needed to lleugh for a good bond. Figure

5.29 shows the results of the suréaanalysis with @ygo white light interferometer

that were done for ultrasonic bondifthe sample lapped with 3 pum alumina abrasive
shows a smoother surface than that lapped with the 9 um. The average roughness (Ra)
was measured as 0.384 um for the 3lppped and 0.751 pm for the 9 um lapped

samples.

The dimensions of the sample were also restrigyatie placement tool and therefore
bondingto a large substrateas not possible. The bond was very weak and fragile and

neecdmechanical support sbi as an unddfll.

This method needs further investigation and the empirical results obitathesistudy
do not provide enough information to conclude on the effectivenegsptitation of

this techniquelt would be worth exploring it further.
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Figure 5.29: Zygo white light interferometry images of lapped samples:&) lapped with a 9 pn
alumina abrasive, (b) lapped with 3 um alumina abrasive

5.8 Chapter Discussion and Conclusions

The manufacturingprocessstepsdeveloped in this chapter form the basis for the
fabrication of the prototypedemonstrated in the following chapteféie fabrication
process steps required for creating a workpngtotype have been discussed, and
options for key process steps have been investigatedfabrication of flexicircuit

was detailed aa method to achieve firscale pitch flexicircuit for high frequency
arrays.Special attention was paid to the barglimethod since no suitable bonding
mechanism and adhesive was already established for the low temperature and pressure
requirements of thisapplication. Ultrasonic bonding was at an eashage of
investigationat the timeof writing this thesis. Magnetily aligned UV light curable
ACA showed promising results since it met the requirement of low temperature and
pressure for bondingdowever, this method is not well researched and further studies
would need to be undertaken to establish its effectiveness.

The fabrication process was used to get prototypes which are discussed in Chapters 6
and 7. The process was successful but left some areas for improvement. Such areas
included the bonding of the flexircuit to the substrate. Better alignment techniques
need to be developed to get the flexcuit to the small bond area. Sanding of the
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backing layer would also prove time consuming for wafsle fabrication. Other

details of improvement to the process are discussed in Chapters 7 and 8.
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CHAPTBR

Singl e ETreamesndtu c er s F
Fabriiormtand Perf or manc

Chapter Profile

This chapter presents the results from the fabrication of single element ultrasound
transducers using the fabricationamproces
aim is to address twkey points:

1 to validate thefabrication process developed for arrays with single element

transducers;

1 to give results of transducers made from fine scale single crystal composites.
These results are obtained by employing precision micromachining and other micro
fabrication processds overcome the technical challenges encountered in fabrication
of miniature transducers. Low temperature methods were use@dke fimescale
composites fronPZT-5H, and two piezocrystal materiabsbinary and a doped ternary
material. Micrecoaxial cabdés were used for electrical impedance matching of the
devices. Acoustic matching and backing was achieved with cast layers of loaded
epoxies on different sides of the piezocomposite active substrate. Preliminary results
obtained with prototype single elentedevices were used as validation of the
fabrication process and to demonstrate functionality. Redke results highlight the
resolution, operational frequency and bandwidth of these devices.

It is important to note that the single element transduearsloped wer@antendedto
validate the process for the arrays and therefore are not designed to operate as ideal
single element transducers. They, however, provide good -ecise results,

especially the two made from the single crystal materials.

6.1 Introduction
The fabrication of the single element transducers follows the process described in

Chapter 5, which is aimed at obtaining high frequency arrays integrated into medical
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interventional tools. The process has three key differences when compared taythe ar
fabrication:
1 The single element transducers separated at the end of the process in Figure 5.1
were much larger than the individual elements in an array.
The flexkcircuit was urpatterned since one element was used for each device
1 The individual elemet was connected to a micooaxial cable near the
transducer for electrical impedance matching. This would be difficult to
achieve with arrays since multiple cables could not fit in the small diameter
tube
Fine scale compositegere made and the otheyéas,matching and backingast as
detailed in Figure 5.1 {g). The prototypes of the single element transducers in this
thesis were fabricated from a fine grditeramic, a binary single crystal material and
a doped ternary single crystal material. Thsults of devices fabricated with these

materials are discussed in the following sections of this chapter.

The following poings must be considered when determining the design of a composite,
and deciding on a compromise between maximising the perfornodiacdevice and
minimising the fabrication challenges.

1 The frequency of the transducer is important in determining the resolution with
higher frequency meaning better resolution

1 The thickness determines the frequency of the transducer
The volume fraton of a composite determines whettie¥ composite is good
for pulseecho (transmissiereception) testing.The composite volume
fraction determines the electromechanical coupling coefficient.

1 The pillar width is important in obtaining a good compositeifnaging. The
smallest pillar width would give good thtall pillars which are useful for
reducing lateral modes in the composite with improves the image. The
thickness of the commercially available bladesténtihne minimum achievable
kerf and dicing dpth, which consequently limits the minimum achievable
pillar width.

1 The aspect ratio is defined as the ratio of the pillar width to the height. The
height of the pillar is the thickness of the composite substrate. The smaller the
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aspect ratio, the bettdre composite. This is because the lateral resonances are
reduced when the pillars at@n and tall. Also,lie length extensional mode is
much stronger than all the other modes. This is important for imaging
transducers since all the ultrasound energiirected to the desired vibration
mode. In Table 6.1 the ternary material has the best aspect ratio. It is important
to note that thiss also mainly due to theicing pitch used in the composite.

1 The electromechanical coupling coefficient is improveiew a material is
made into a 43 compositeThis is because the pillars resonate in thickness
extensional modeThis in turn improves the energy transfer between

mechanical and electrical energy which improvesSN&
6.2 High Frequency Piezocomposite Fabriation

The 13 piezocomposites were fabricated using the wi@shablisheddice-and fill
method. High frequency piezocomposites are difficult to achieve and the difficulty
increases when they are made from the fragile, temperature sensitive single crystal
materials. In this report, three different types of composites from different materials
are reported in this thesis: a fine grain ceramic CTS 3203HD-@PgTand two
piezocrystal materials; PMROPT (binary material) (Sinoceramics, Inc.Shanghai,

China) and Mn:PINPMN-PT (doped ternary material) (TRS Technologies, State
College, PA, USA). They are more fragile when dicing and have a lower Curie
temperature when compared to PZH. Plates of these materials were made into high
frequency composites tme used in the single element transducers. Some parameters
such as the thicknesses of the active substrate and the matching layer were investigated
using simulation and modelling explainedGhapter4

The dicing parameters, such as feed rate, spindled sppeet coolant feed rate, for
making the composites were determined by studying literature detai&uhipter2.

These were then adjusted with practice according to the material being diced and the
size of the blade used. These are discussed in the ngspgettionoutlining the
composites. The CTS 3203HD/Epofix composite was made with a wider blade as a

starting point for setting the parameters used in dicing the more delicate single crystal
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materials. Figure 6.1 is an illustration of one of the piezgusites fabricated. The
successful composite is shown in Figure 6.1 (a) and (b) without any pillar breakage.

For the earlier single crystal composites made in this study, pillar breakage was very
common during dicing. This problem is common in literatasit was discussed in
Section 26.5 of Chapter 2. In Figure 6.1(c), strips of the material were undesirably
removed. Such an incident depends on a number of factors including the inter
elemental pitch, spindle speed, material feed rate, coolant egitthy df cut and the
type of the materi al being diced. It wa s
factors to be able to cut two orthogonal sides of the material before filling with epoxy,
which is crucial in reducing the overall fabrication time. &atly, by using a slower

feed rate, slower spindle rotation rate, lower coolant feed rate and a larggiliater

pitch, the composite yield is improved. Another common problem in the earlier
composites was bubble formation at pillars (Figure 6.1(d) flfiag with epoxy due

to the small spaces between the pillars. These were minimised by careful casting of

epoxy as well dgjassing in a vacuum chamber for over five minutes.

Figure 6. 1: Examplesof 1-3 piezocomposite : (a) After dicing bothdirections before filling with
epoxy; (b) After filling with epoxy and lapping; (c) an example of strips of piezoelectric materii
removedby dicing in the first direction; (d) an example of air bubble after filling with epoxy
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The properties of the composites made are summarised in Table @ls@nbsed in
the following sections. These are compared to a bulk #MNmaterial whose
properties were measuredhiouse. The electromechanical coupling coefficient was
calculated usingequation 2.6.The diagram to compare the dimensions of each

compositemade into dransducer ashown in Figurés.2 and in Bble6.2.

Table 61: Comparison of properties of fabricated piezoelectric composites and a bulk single
crystal material

Material Frequency Thickness Volume  Pillar Pillar Electromech
(MHz) (um) fraction  width Aspectratio nical coupling

(um) coefficient (k)

PMN-PT (Bulk) 1.9 400 1 _ _ 0.50

CTS 14.6 118 0.40 60 0.508 0.59

3203HD/Epofix

(PZT-5H)

Binary 21.8 86 0.36 30 0.349 0.71

Doped Ternary 154 99.6 0.36 30 0.301 0.68

The results in Table 6.1 show that the electromechanical coupling coefficients for the
single crystal composites are higher than that for the ceramic composite. This is
expected as demonstrated in literat{Méchau et al. 2002)

Figure 6.2: A diagram comparing the dimensions of the three transducer active enent:
fabricated
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Table 6.2: A table comparing the dimensions of the composites made into transducers

PZT-5H Binary Ternary
Length (mm) 5 15 1.3
Width (mm) 1 0.8 0.52
Thickness(mm) 0.14 0.086 0.099
Frequency (MHz) 15 22 17

6.3 Device Fabrication

6.3.1 CTS 3203HD Composite Transducer

The CTS 3203HD material ia type of PZT-5H which is commonly used in
commercial ultrasound imaging transducers. A cositp was made from this material

to set the preliminary parameters for dicing which were later adjusted to make
composites from the fragile PMRT single crystal materials. Composites have been
widely made from this material and therefore there were yplehteferences in the
literature(Yuan et al. 2006; PhamThi et al. 200Parameters such as spindle speed,
feed rateandwater coolant rate were faster than those used in the making composites

from the single crystals as will be explained below.

The 13 piezocomposite that was used for the active substrate was made of 40%
volume fraction of the CTS 3203HD in epoxy. Thezoielectric materials were

obtained in bulk form. They were diced to make composites and then filled with low
shrinkage epoxy (EPOFIX, Struers, UKBernassau eal. 2011) Dicing to make
composites was done using a high precision dicing saw (MicroAce66, Loadpoint
Cricklade,UK). The pillars in this composite had a pitchof9sn f abr i 8t ed w
em thick bl ade. The d,000 rpmgnd mataaial feedsaei n d | e
of 1.15 mm/s with a coolant feed rate of
into the 1 mm material. The two sets of cuts in orthogoinattions were made before

filling with epoxy.

The composite was lapped to a thickness of 118 mm to give an operational frequency
of 14.6 MHz. Silver paint electrodes were applied to both sides of the composite. A
15% volume fractiordlumina filled epoxywas cast on the composite as a matching

layer. It was then lapped to a thickness of 50 um. Adpatterned flexcircuit was
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attached to the back using sihapoxy. A 30% volume fractiouhgsten filled epoxy
was then cast at the back of the compositeashing. This was sanded down to give

an overall stack thickness of 1 mm.

6.3.2 Binary composite Transducer

The transducer active substrate of th& diezocomposite from the PMRBPT single

crystal had a volume fraction of 36% in epoxy. Similar to the-BATomposite, the

bulk single crystal materials were diced to make composites and then filled with low
shrinkage Epofix epoxyStruers, UK) The pillars in the composite had a pitch as
smal | as 50 em fabricated with 15 em th
spindle speed as low as,@00 rpm and material feed rate below 0.25 mm/s, sets of

cuts in two orthogonal directions were made befdling with epoxy. The composite

was lapped to a thickness of82n whi ch gave an ob2h.8Malz i on al
shown in Figure 6.7The acoustic impedance of the compmsitis calculated to be 12

MRayl.

The 50 pm thick matching layer for thisfrsducer was 15% volume fractidomina

in epoxy. A 15%alumina filled epoxy has aacoustic impedance df1 MRaylwith

an attenuation of 15.5 dB/mm. The backing of 1 thiaknesswas 20% volume
fraction oftungsten in epoxy. This has an acaugnhpedace of8 MRayl with an
attenuation of 27.5 dB/mm. Single element transducers were made frorAPFMN
composite with a frequency of approximately 22 MHz. The transdugtirshe active

element, matching and backingre 0.8 by 1.5 by 2 min
6.3.3 Ternary Compositdransducer

The parameters used in making this composite are the same as those used to make one
fromPMN-2 9 P T . The composite pitch was 50 er
bl ade. The average kerf width was-320 &m
piezocomposite of 36% volume fraction of Mn:PIMN-PT/Epoxy. The different

sides were cut to different depths to prevent pillar breakage. The first pass of kerfs
were diced to 210 um deep, and the orthogonal pass of cuts were diced to 190 pum
deep. The compmite was cut into two separate sections which were lapped to a

thck ness of 99. 6 heseyieldddperatibrialfrdquedaies of T7 MHz
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and 15MHz respectively. An illustration of the impedance plot of the 15 MHz
composite transducer is discusgse&®ection 6.5.4.

The matching layer for this transducer was 15% volume fraction alumina particles in
epoxy and the backing of 1 mthickness was 30% volume fraction agsten

particles in epoxy.

The transducer active element dimensions weré 41 @®x 0.099 mm and this was

combinedwitha5@ m t hi ck matching and a 1 mm t hi

6.4 The Imaging Transducer

An example of a complete single element transducer with the matching, composite and
backing is illustragéd in Figures 6.3 and @. The CTS 3203HDwransducer was
attached t@omponentsud asthe rod in Figure @.to facilitatetesting. The image in
Figure 6.3is of a single element transducer in a tungsten tube. The absence of extra
bond layers is evident where the matching and backing are directly attached to the
active substrate. The taee substrate, showm icrosssection in Figure 6,3s a 13
composite with the CTS 3203Hpillars and the clear polymer filler. The tube with

the transducer is attached to a rod which is held in a characterisation tank for testing.
A micro-coaxial cableof 300 um in diameter was used for transmitting sigrgie

details werghe same for the other fabricated single elements
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Microcoaxial
Attachment unit cable
Tube with transducer
Composite Backing
Figure 6. 3: An illustration of a single element transducer in a metal tube attached to a rod for

easy testing. The active area is magnified to show the layers of matching with alumina filled epoxy,
composite and the backing with tungsten filled epoxy

Ground silver
CPOXY

H Active side
Electrodes S silver epoxy

Figure 6. 4: A transducer showing matchinglayer, backing layer, active composite, conductiv
epoxyfor electrical connection to the cabling. This Figure is for the same element as that shc
in Figure 6.2.

6.5 Electrical Characterisation

The impedance responsé each transducewvas determined bgttaching a coaxial
cable of 10 cniength,with diameter of 2 mnto the micrecoax This coaxial cable
hadan SMA connector at one enthis was needed to connect to the pufseeiver
for exciting the transducer during testing. Only the mawaxialcablewas used to
match the impedance of the transducer and therefore any extra cwatd@for

connection had to be as short as possible.

145



Chapter 7: Array Transducers Results

6.5.1 Electrical Impedance Matching

Each single element transducer had a mooaxial cable attached with conductive
silver epoxy for transmission of power and signal. The electrical impedance of the
transducer was tested at differetages of fabrication using ampedance analyser
(4395A,Agilent Ltd, West Lothian, UK). It is important to measure the impedance of
the ransducer before the coaxial cable isatéal since the coaxial cable was used to
match the electrical impedance to the driving electronic equipment, which was
matched to 50 q.

To match the i mpedance of the single
impedance coaxial cable, by the transnoissline theory was used as a quarter
wavelength long transformer between the transducer stack with impettaarw the
system with impedancgs. The required impedance of the coaxial cahje@h be
determined by (Ritter, Shrout et al. 2002):

Zy = /7, X Z_

An impedance plot of 1 m microoaxial chle is illustrated in Figure 6.9 his was

6.1

measured usingndmpedance analyse4395A, Agilent Ltd, West Lothian, UK) and

for the 1 m coaxial cable the impedance magnitude atabddtdz i s 221 q,
at 22 MHz and 189 thefrequencieddllithelthreedrbnsduders ar e
reported in this chapter.
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Figure 6. 5. Impedance magnitude and phase plot of a 1 m coaxial cable. The impeda
magnitude at 15 MHz is about 221, at 22 MHz is about 1431 and at 17 MHz is about 189

The matching with a microoaxial cable also increases the bandwidth of the system
and filters out reactiveomponents. Where the element has impedance knarb0

g as i s t he eleneerttransducensdas impeslance gdaxaal or coaxial
cables in parallel may be utilised.

After the impedance of the active stack with the coaxial cable was redaguvas

fitted into a tungsten tube and glued with epoxy before the impedance of the finished

prototype was measured.

6.5.2 CTS 3203HD Composite Transducer
The results shown in Figufe6 were obtained with a single element transducer of 1 x
5 x 0.140 mradive element.The far field transition based on the azimuth plane is

60 mm as apprsomated by Equation 2.10.
Figure 66 shows the impedance of the transducer before and after matching with a

micro-coaxial cable. The impedance magnitade@bout 14.81Hz is shownto have

been reduced from over 1500 q¢codxialcdble.s s
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The 110 q is much closer to 50 q which
electronics. The eléiical impedance from Figure @a) is smoothed wdn a micre

coaxial cable is attached as shown in FiguBby.and the resonances are alsoy
damped. This increases the overall bandwidth of the transducer. The blip at about 15

MHz in the graph(Figure 66(b)) is likely to be due téthe matching layer.

The coaxial cable to perfectly match the impedance would have an impedance
magnitude ofabout27 as cal cul ated using equation
being 50q .
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Figure 6. 6: Impedance magnitude and phase of CTS 3203HD/Epofix composite transducer with
acoustic matching and backing at 15 MHz; (apefore electrical impedance matching, (b) after
electrical impedance matching with coaxial cable
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6.5.3 Binary Single Crystal Composite Transducer

The results shown in Figure 8a€re obtained with a single element transducer of 0.8

mmx 1.5mmx 0.086 mm activeelement The far field transition based on the azimuth

plane is 8 mm as approximated byuation 2.10.

Figure 67 illustrates the electrical impedance of the binary composite transducer that
was tested. The electrical resonance frequency was at 21.83IMtHe. figure there
is a lateral resonance artefact at about 13 MHz which is causedrwtti@ng layer.

This resonance is at a low enough frequency not to cause interference with the main

resonances.

Electrical impedance matching was achieved by uaiig2 mmicro-coaxial cable.
Figure 6.7shows the impedance of the transducer before and after matching with a

micro-coaxial @ble. The impedance magnituisheFigure 6.7is shown to have been

reduced from 290 q

t -ooaxialcablg.The woaxialhcabke tol . 2

perfectly match the impedance would have an impedance magnitude of about 120

as calculated usingquation 6.Ifor the system impedancé 50q .
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Figure 6.7: Impedance magnitude and phase of PMNPT composite transducer at 21.83 MHz;
(a) before electrical impedance matching which was measured at the end of the flécuit, (b)
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6.5.4 Ternary Composite Transducer

The results shown in Figure83yere obtained with a single element transducdr. ®f

mm x0.52mmx 0.099 mm.The far field transition based on the azimuth piart96

mm as approximated byghHation 2.10 in Chapter 2

Figure 6.8illustrates the electrical impedance of the ternary composite transducer that
was tested. The electrical resonance frequency was at 17 MHz. This transducer does
not have lateral resonance effeeind therefore would perform very well in the
thicknessextensional mode. The damping by the micoaxial matching is illustrated

and the I mpedance magn iThacdagial cakletopertectly e d t «
match the impedance would have an impedance magnitude of ad@@tq a s
calculated usingquation6.1the system impedance being®0

The transducer stack produced an electrical impedance of approximatejywioh
would be too high for the driving electronics. After matching with a 1.fiero-

coaxial cable,ti was reducewhichi e aboster9®oqthe 50

electronics
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Figure 6.8: Impedance magnitude anghase of MnPIN-PMN-PT composite transducer at 17 MHz
(a) before electrical impedance matching, (b) after impedance matching with agial cable For all
these elements, is the electrical impedance as expected for the dimensions and VF of the compo
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6.6 Acoustic Characterisation

The scanning of all the transducers was along the elevatiorhjvatithe element.
Mouse bowelvas also scanned using the transducers. Ex vivo Bowel tisessexted

from two different mice, Mouse A and Mouse B, were imaged with the transducer.
The tissue was immersed in Phosphate buffered saline (FBSgr et al. 1993)hich

is a solutionusedto mimic physiological fluidsTissue does not reflect as highly as
stainless steel or tungsten because the acoustic impedance is much lower. Obtaining
these images is crucial in establishing that the transducers can image structures similar

to thatin the human body.

It should be noted however that the images produced by the transducers are expected
to be of poor lateral resolution because the single element transducers were

unfocussed.

6.6.1 CTS 3203HD Composite Transducer

The stainless steel block frothe test inFigure 311 was used to obtain the pulse
waveform response, shown in Figure 6.9, of the transducer. A summary of the results
from this figure are in Table 6.2 broadband excitation signal was applied to the
transducer by a DPR 300 pulgeceaver (JSR Ultrasound, Pittsford, NY, USA). The
settings of the pulseeceiver were adjusted to obtain maximum signal amplitude
which was detected using a digital oscilloscope. The receiver gain was 40 dB, the high
pass filter was set to 5 MHz and the Ipass filter set to 22.5 MHz, the damping was

12 and pulse energy set to the maximum. The centre frequency of the transducer is
14.6 MHz and this ylded a bandwidth of 77 %. Thaulse length is 0.45 us
correspondingt@ 46 . 5 & m
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Figure 6. 9: The measured pulseecho waveform reflected from a steel block showing the pule
length and the frequency spectrum of the CTS 3203HD/Epofix composite transducer

The image in Figure 6.10 is of the wires attached to a stainless steel block shown in
Figure 311 The image reconstructed in MATLAB was set to a dynamic range ef

40 dB. The image quality is good enough to show the different wires illustrated by
numbers 1 to 3 in the image. The bright artefact shown in the image from atdut

mm to 14.5mm in the lateral distance was due to interference in the signal which

reduced th&NRduring scanning.

Axial Distance (mm)

2 4 8 8 10 12 14 16 18 20
Lateral Distance (mm)

Figure 6. 10: Image of the three wires on a stainless steel block obtained with the C
3203HD/Epofix composite transducer
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6.6.2 Binary Single Crystal Composite Transducer

The reflection from the stainless steel block was used to obtain the pulse waveform
response, shown indire 6.11, of the transducer. A summary of the resudts this

figure are in Table 6.3The centre frequency is 21.83 MHz with a bandwidth &6.72

The pulse ring down timeq dB), corresponds to an axial resolution distafite

pulse length of the bary singleelement transducer was found to 2&&t.1um.The

pulse is longer than what is desired and this is caused mstifécientdamping from

the backing. More damping would reduce the pulse length and increase the bandwidth.
The pulse is reasonakdfort and the some of the ringing may still be due to alignment

with the flat reflector especially when the beam is not fully in the far field.
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Figure 6. 11: The measured pulsecho waveform reflected from a steel block showing the pule
length and the frequency spectrum of the PMNPT/Epofix composite transducer

The wires attached on the stainless steel block are shown in Figure 6.12 (a). More
details of the wires are shown when this transducer is used compared to usifng the

3203HD/Epofix conposite transduceil he main reason is that the binary composite has
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a higher frequency and therefore better resolutibhe single crystal material also
provides better sensitivity.

The wire phatom image shown in Figure 6.12 (b) shows the line spreactituin of
the different wires positioned at approximately 1 mm away from each other in width
and depth. The first position on the top left of the figure is a reflection from a 5 um
wire. The spread of theiwes in the lateral dimensions about as expeatefor this

unfocussed transducer.

Figure 6.12(c) was obtained from Figure 6.12(b) and it illustrates a lateral resolution
of 0.45 mm. The plot is from a wire positioned at 5.5 mm in the lateral position and at
a depth of 5 mm in the image. All the oth@ots at different positions in the image
gave a similar lateral resolution. This resolutionld be improved by using a lens to
focus the transducer in the lateral direction, if a single element transucer is required

for the application.

This PMN-PT sngle crystal transducer was also used to image detaiisase bowel

tissue pinned to 8% volume agar substrate in water. Images of tissues from two
different mice are shown in Figure 6.13 (a) gbjl In tissue from Mouse Ahe basic
outline of thetissue can be visualised. For Mouse B, the muscle layer can be
distingushed by the bright line indicating stronger reflections about a millimetre below
the top surface of the tissue. The strong reflections from pins used to hold the tissue

on the agar sugtrate, can be seen below the tissue.
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Figure 6. 12:Images with the PMN-PT composite transducer: (a) Steel block with three wires on
double sided tape produced good results; (b) Wire phantowith nine 20 um tungsten wires; (c)
Lateral envelop of echo signals from the wires located at 5.5 mm from the PMRT/Epofix
composite transducer
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Figure 6. 13: Image of exvivo bowel tissue resected from two mice with ultrasound image
represented in (a) false colour and (b) greyscale

6.6.3 Ternary Composite Transducer
The pulse waveform obtained from the stainless steel in #stisstshownn Figure

6.14, with the restd summarised in Table 6.3he centre frequency is 17 MHz with
a bandwidth of 98 %. This is a good bandwidth which is a result of the short pulse
length caused by good backing and acoustic matching. The-ouaxal cable for

electrical matching also increases the bandwidth.
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Figure 6. 14 The measured pulseecho waveform reflected from a steel block showing the pul
lenath and the freauency spectrum of the Mn:PINPMN-PT/Epofix composite transducer
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The wires attached on the stainless steel block are shown in Figure 6.15 (a). The details
are clearly shown with shadows under each wire. These shadows are as a result of the
most d the ultrasound energy being reflected by the wires. At 10 mm there is detail of

the tape were one wire was attached but then moved to a different position.

The wire phatom image shown in Figure 6.15 (b) illustrates the line spread function of
the different wires positioned at approximately 1 mm away from each other. The
spread of the wires in the lateral dimensions for this unfocussed transducer was
determined to give adB resolution of 1.15 mm as shown in Figure 6.16(c). This
figure was obtained fra Figure 6.15(b) at a position of 2.5 mm in the lateral position.
The other lateral positions also gave a similar resolution. This lateral resolution at 17
MHz is very big but can be reduced by using a lens to focus in the lateral dimensions.
This would k& important if the transducer is used as a single element transducer. If it
IS made into an array the focusing in the azimuth direction is done by electronic
focusing.

The transducer was used to image details of mouse bowel tiEseiénages of bowel
tissue shown in Figure 6.16 demonstrate the ability to show contrast between types of

tissue, particularly for Mouse B where the muscle layer tissue can be visualised.
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Figure 6. 15: Images with the Mn-PIN-PMN-PT composite transducer: (a) Steel block with three
wires on a double sided tape produced good results; (b) Wire phantomtiwinine 20 pum tungsten
wires; (c) Lateral envelop of echo signals from the wires located at 5.5 mm from the Mn:PIN
PMN-PT/Epofix composite transduce
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Figure 6.16: Image of exvivo bowel tissue resected from two mice with ultrasound image
represented in (a) false colour and (b) greyscale

6.7 Chapter discussion and conclusions

The single element transducers developed in this project were instrumental in
answering many questions about integrating an ultrasound transducer into a needle.
The process explained in Chapter 5 wakdated and challenges identified with such
transduces. The aim of fabricating such transducers was not to get optimised single
element transducers but to confirm the feasibility of the process developed for the array
fabrication. The main focus was to fabricate high frequency transducers from PMN
PT and MnPIN-PMN-PT single crystal composites using the widely accepted dice
and fill method. These composites were fabricated to the limit of the mechanical dicing
saw capability, which is restricted by the size of the thinnest blade. Also, the
fabrication proceses were kept to a maximum 50°C to minimise or prevepbtiag

of the single crystal materials.

Some of the properties of the composites are summarised in Table 6.1. The

electromechanical coefficients in this table indicate that composites frormtiie si

crystal materials have superiarvalueswhen compared to the bulk material and to
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the PZT5H composite. This is in line with literature where it is established that single
crystal materials yield superior results when compared to the polycrystabiteeials

(Chan and Unsworth 1989; Zhen et al. 2007; Yuan et al. 2006; MacLennan et al. 2007)
Composites further improve these material properties witts kan example in this
case. The improved: kneans that more electrical energy is converted to mechanical
energy and viceersa. This means there will be be®\R, therefore improving the
image quality. Since the performance parameters are close to those expecthd from
literature(Michau et al. 2002)it can be concluded that the fabrication processes are

suitable for working with the binary and doptanary single crystal materials.

Different functional properties were obtained from impedance and-ecigetests of

the different transducers. Some of thoseiokthare summarised in Table 643nong

the most important of these properties are the beam width and the bandwidth of the
transduer. A broadband transducer is desired since it is more sensitive to a range of
frequencies and produces a shorter ultrasound pulse corresponding to better axial
resolution. An ideal electrically matched transducer has a higher bandwidth compared

to one wih poor electrical matchin@Ritter et al. 2002)

Table 6.3: Summary of the properties of the single element transducers developed

Transducer Frequency Pulse length Axial Bandwidth
(MHz) (ks) resolution (%)
(Hm)
CTS 3203HD/Epofix 14.6 0.45 346.5 ( 77
PMN-29PT/Epofix 21.8 0.33 254.1(3 72
Mn:PIN -PMN-PT/Epofix ~ 15.4 0.48 369. 6 ( 98

The axial response of the 14.6 MHz, CTS 3203HD/Epofix transducer was 346.5 um;
that of the 21.8 MHz, PMNOPT/Epofix transducer was 254.1 um, dhdt of the

15.4 MHz Mn:PINPMN-PT/Epofix transducer was 369.6 um. These are within the
reasonable@ange of the transducers at these given operational frequébcietsal.

2011) The ultrasound beam profile for single element transducers depends on the
diameter of the transducer and the wavelength of the @amraja and Panda 1998;
Lockwood et & 1996)
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The axial resolution of a transducer depends on how well the transducer is damped as
well as the operational frequency. Using backing and matching layers improve the
damping and henceforth bandwidth of the transducer. The single element ¢eansdu
with the best bandwidth and. kwas the Mn:PIN°PMN-PT/Epofix transducer. The
pulseecho response of the single element transducer shown in Fdi#das a
reasonably short two way pulse, at ab8utycles long, with a 98% fractional
bandwidth. Thepulse shape and spectrum can be also improved with further

optimization of the piezocomposite layer in the transd(Beswn et al. 2009)

The mainways to improvebandwidth are using a well fabricated composite with a
good pillar aspect ratio, suitable acoustic backing and matching as well as electrical
matching which was through the coaxial cables for the single element transducers in
this thesis. Any acoustic or electrical mismatch will result in some signals being
reflected ad therefore affect the overall bandwidth of the transducer.

One of the main benefits of the Mioped ternary single crystal is the higher Curie
temperature, which reduces the restrictions on the process temperature. The
composites made from this materiglve comparative;k/alues to the binary single
crystal materials as is shown in Table 6.1. The ddapetary material can also be used

to produce transducers with good bandwidth# &sillustrated in Figure 6.14The
relaxed temperature restriction fhese materials would mean that they should replace
the binary PMNPT single crystal materials to make imaging transducers. The only
downside is that these materials are norgatlilycommercially available.

The two single crystal transducers demornsetieclear results of the mouse bowel
tissue. These results were important since the tissue has similar properties to that of
human where the array transducers would be used. Features of the tissue structures,
such as the muscle layer of the resected bisalie for Mouse B in Figure 6.16, can

be seen even with the relatively poor lateral resolution from the single element
transducers. These images would be much better with focusing using an array. Picking
out such features-vivo, and any changes relatito normal tissue structures, with the

transducers on biopsy needles would be very important for establishing early diagnosis
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of cancerous tissues, with the possibility of reducing or eliminating the need for central
laboratory analysis of samples.

Thesesingle element transducers fabricated set a prerequisite for the fabrication of
arrays. The same process was used as that which was used for the fabrication of the
arrays which are detailed @hapter7. Some of the main challenges encountered in
fabricaton of the single element transducers included:

1 Lapping the thin composite. Application of acetone on the thinned down
composite softened the material and the pillars dropped out. This was mainly
because a low temperature of°60was used for post curing the epoxy.
Typically, the epoxy would be poestred at 100C (Bernassau et al. 2011)

This problem would be eliminated when the Mn doped ternary single Icrysta
materials replace the currently used binary single crystal materials. This is
because these new materials can withstand higher temperatures, ufCto 100

1 Attaching of the coaxial cable to the transducer stack. The dimensions of the
stack were very smalind attaching a microoaxial cable with conductive
epoxy by hand was difficult. This is avoided with the array by using an array
interconnect solution.

1 Inserting the transducer into the metal tube. It was important to have the correct
size of transducgeon all the sides. This became a challenge when the backing
had to be sanded down to the right size. It was also difficult to get the right size
of the conductive epoxy for holding the coaxéable firmly on to the stack.

This is a manufacturing challeaghat will need to be investigated with
continued development of ultrasound devices integrated into needles.
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CHAPTER 7

Array Transducers Res!
andr Per mance

Chapter Profile

The previous chapters in this thesis highlight many points to consider for designing
and fabricating ultrasound transducer arrays to be fitted into interventional tools such
as biopsy needles. Here, in this chapter, detailseohttays fabricated are presented,
underlining the key results at different stages. Arrays operating at 5 MHz were
fabricated before the 15 MHz arrays, using the same process. This is because the 5
MHz features are bigger and therefore can enable eabrgrdton of prototypes to
further evaluate the feasibility of the process developed. The results presented also
demonstrate the success of the steps of the isaefde fabrication process,
emphasising some of the challenges and how they were overcarecifduit design

and fabrication is detailed, in this chapter, as a key step for achieving multiple
electrical connections to the array elements in the confined needle space. Results of
electrical impedance spectra, and pulse echo tests of the arral@greesented. The

5 MHz array was fitted into a needle, and electrical impedance andeuliseests
showed functionality. The 15 MHz arragéso had dimensions which were small
enough to fit in a needle. The arrays in this chapter were fabricate@®#®BH (CTS
3203HD) but the low temperature methods were used similar to the single element

transducers iChapters.

7.1 Array fabrication
The combined results fropreviouschapters se¢stablished a strong foundatitor
the fabrication of array transduseThe key design parameters of the desired 15 MHz

linear array transducer are outlined in Table 7.1. This table gives the parash#ters
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ideal finished prototypewith this chapter giving details of how much has been
achieved through this project. Teav el engt h el ement pitch 1| s
precision fabrication techniques to achieve accurate dimensions. At 64 elements, the
array is suitable for clinical imaging, and the field of view will be on the order of the

array length, 6.4 mm. The ebent length, which is also the array width, of 0.8 mm, is
constrained by fitting the width of array within the core of a <2 mm diameter biopsy
needle. The array substrate is fabricated from -BBAT(CTS 3203HD) but low

temperaturdabrication methods apphdle to PMNPT were used.

Table 7.1: Design parameters for miniature array on needle

Frequency 15 MHz

Array elements 64

Element pitch 100 um (wavelength spacing)

Element length 0.8 mm

Element width 0.070 mm

Piezoelectric Iger 1-3 composite of PMN29%PT

Matching layer Y, Wavelength, 15% Alumina loaded epoxy
Backing layer 30% Tungsten loaded epoxy

Cabling Patterned flexcircuit, spirallywound
Housing 2 mm biopsy needle

The fabrication of the arrays mainly focused omgdow temperature and pressure
processes due to the fragile nature of the single crystal-POBPT material that was
chosen as the ideal active material. This material is limited to &¥@Qtdue to the

Curie temperatureor phase transition temperatubeing as low as80°C. The
prototypes presented here were fabricated fromPATCTS 3203HD) buusing the

same process as that explained for the fragile single crystal materials; the prototype
single element transducers presented in Chapter 6 showdbehmabcess is suitable

for the single crystal materialslatching and backing layers of loaded epoxies were
cast on the electroded front and back surfaces of the piezocomposite. A flexible printed
circuit was connected to back surface electrodes uswgtéonperature bonding
methods. After bonding all the layers together, the elements were diced for mechanical

and electrical separation.
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The following sections present details of the arrays prototypes at different stages of
fabrication with the 5 MHz arrayghown as a precursor to the 15 MHz. Separate details
will be explained for the 5 MHz array and for the 15 MHz array. The main focus in
this chapter is the packing of fuseale arrays into biopsy needles.

7.2 The 5 MHz Arrays

7.2.1 Array Fabrication

The 5 MHz aray transducer prototypes were fabricated as an easier option to the
higher frequency arrays. These were developed using the process explained in Chapter
5 and they were made small enough to fit in 2 mm diameter biopsy needles. Figure

7.1 shows some olieése arrays at selected stages of fabrication.

Figure 7. 1: Some of the stages of array fabrication: (a) two flexcircuits are connectedto a
piezoelectric stackto get different sets of arrays at the same frequency; (lgn 8-element5 MHz
array with the flexi-circuit fan -out for cable connection; (c) the initial rolling of the flexi-circuit
for the array to fit into a tube

These arrays were diced with an 80 um blade at a pitch of 300 um. An example is
shown in Figure 7.2 where the active as@5 by 2.4y 1.8mn? with the conductive

epoxy for the ground connéah being 0.7 mm wide. The closg images in Figure
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7.3 show clear dicing through the flestrcuit indicating that the elements were
separated. A mukmeter was used to test neighbouring elements for electrical isolation

after dicing. This confirmed th#he dicing yielded electrically isolated elements.

Ground
conduc
epoxy

Féxcii rcui

Figure 7. 2: An example of a diced 5 MHz array The inter-elemental pitch is 300um and the
elevation length is 1.8 mm

-
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Figure 7.3: Close-up images ofan 18element 5 MHzarray after dicing: (a) Top view; (b) perspective
view. The inter-elemental pitch is 30Qum and the elevation length is 1.2 mm

For the earlier prototypes, the ground connection was made through a wire attached
by conductive epoxy as illustrated in Figure 7.4. The wire also acted as a guide for
rolling the flexkcircuit and for pulling the device through the intended metal tube
casing. A very obvious problem is that this increases the size and therefore becomes

diffi cult to fit into small spaces.
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el eme |
Spir al
circuit
Conduct roun:
epoxy wire

Figure 7. 4: A finished 5 MHz prototype before it is inserted into a metal tube The inter-
elemental pitch is 30Qum and the elevation length is 1.8 mm

After dicing, electrical insulating varnish, comntpmsed in printed circuit boards

(PCB) was used as an undirto serve various purposes. It partially filled the diced

kerfs separating the arrays to increase the mechanical integrity. It was also used to

ensure electrical insulation since these arvagald be used in water. Some active

parts of the flexcircuit tracks were exposed and therefore good insulation was a

necessity. The varnish was also used as a coating layer on theriteiti to provide
electrical insulation. Eventually, this coulé beplaced with a more flexible material

such as parylene that can be deposited more accurately.

The final stages of the prototypes are shown in Figure 7.5. These show arrays being

inserted into tubes and micomaxal cables attached for testing.
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