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Abstract

Medical ultrasound imaging is a rapidly growing field due to its safety and affordabil-
ity when compared to other imaging modalities such as MRI and X-Ray. Ultrasound
transducers are made in various configurations from dense 2-D arrays for volumetric
imaging to single element needle like transducers for intravascular imaging. The per-
formance of an ultrasound transducer is dictated by the properties of the piezoelectric
material being used. One current drawback to ultrasound is that it is heavily opera-
tor dependent. This has motivated research into developing ultrasound systems that
are conformable to the body and capable of obtaining relevant information without
the need for an operator. This thesis explores the design and fabrication of a lo-
cally rigid globally flexible ultrasound patch using novel piezoelectric ceramics. The
ceramics are fabricated into 64 element linear arrays transducers and then their elec-
trical impedance and acoustic properties are characterized. Individual and groups of
transducers are then used to image a flat and a curved ultrasound imaging phantoms
via the Verasonics system.

Thesis Supervisor: Canan Dagdeviren
Title: Assistant Professor, MIT Media Lab, LG Career Development Professor of
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Chapter 1

Introduction

Medical diagnostics and research have been greatly aided by technology that enables
non-intrusive visualization of the body’s internal structures. Medical imaging can
be achieved through different approaches ranging from magnetic resonance imaging
(MRI) to x-ray imaging, to ultrasonic imaging. Ultrasound technology is incredibly
versatile and widely used in developing diagnosis as well as various therapeutic appli-
cations. Unlike computed tomography and x-ray imaging, however, ultrasound has
no risk of radiation exposure, and it is both less costly and time consuming than
an MRI [I7, 13]. Additionally, ultrasound imaging allows for real-time imaging and
holds high potential for compact and portable imaging systems. Ultrasonic waves can
be generated through a variety of physical phenomena, nevertheless the piezoelectric
effect is the most commonly used to actuate and sense ultrasonic signals. At the core
of medical ultrasonic technology is the ultrasound transducer. The structure and
design of ultrasound transducers can vary from single element transducers to dense
two-dimensional arrays with thousands of elements and with a wide range of ultra-
sonic frequencies [I7]. Ultrasound’s wide variety of applications results in a variety
of ultrasound transducer designs that optimize to meet the specific requirements of

each use case.
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1.1 Piezoelectricity

The piezoelectric effect is a linear relationship where the mechanical strain (S) and
stress (T) of a material are coupled to the electric field (E) and electric displacement
(or electric charge density D) [26]. The piezoelectric effect is a reversible process which
exhibits two effect: direct piezoelectric effect (the internal generation of electrical
charge is generated from an applied mechanical stimulus), and converse piezoelectric
effect (the internal generation of a mechanical strain is generated from an applied

electrical field), expressed by Equation [1.1] [21].

Converse S sP o d T
= = (1.1)
Direct D d €T

&

where s” is the compliance under a constant electrical field, €’ is the dielectric
permittivity under a constant stress, and d is the matrices for direct and converse
piezoelectric coefficient. The piezoelectric coefficient for each materials has its own

value with respect to its crystal orientation.

1.2 Material Parameters for Ultrasound Transduc-

ers

There are several parameters used to evaluate the performance of piezoelectric ma-
terial. For imaging transducers, the key material parameter is the electromechanical
coupling factor, which is closely related to device bandwidth and sensitivity. In addi-
tion, the dielectric permittivity is a critical parameter in order to match the electrical
impedance of transducer to that of driving electronics. Temperature and field stabil-
ities are also important for ultrasound transducers, since the dielectric permittivity
changes as a function of temperature and field, resulting in the variation of electrical
impedance of device.

While there is an abundance of parameters used in material science to describe the

piezoelectric properties the following are the most relevant for describing ultrasonic

16



transducers: (33, is the clamped capacitance; €433, the clamped dielectric permittiv-
ity; A, the area; t, the thickness; k;, the thickness-mode electromechanical coupling
coefficient; es3, the piezoelectric stress constant; cpssz, the elastic constant; wg, the
resonant frequency; c,, the speed of sound inside the piezoelectric material; Z,, the

acoustic impedance; and p, the density.

As the piezoelectric material itself can be considered as a capacitor, the corre-
sponding ultrasonic transducer is a capacitor structure. The clamped capacitance of
an ultrasonic transducer is determined by the clamped dielectric permittivity, the area
and thickness of the piezoelectric material. To maximize the power transmission, the
input electrical impedance of the ultrasonic transducer at the designated frequency
should be real and its input resistance should match the electrical impedance of the

source (normally 50 €2 in termination).

The electromechanical coupling coefficient k is an indicator of the effectiveness
with which a piezoelectric material converts electrical energy into mechanical energy
and vice versa. It is not a constant material parameter, but instead of depending upon
the shape of the material. For example, the k coefficient of a material in a rod form is
higher than that in a plate form [19]. In transducer design, a high k value is desirable
for better energy conversion and improved bandwidth. The resonant frequency and
the acoustic impedance of a material are determined by the speed of sound inside
itself which is an inherent property of the material. It is mentioned above that the
impedance matching between the transducer and the propagating medium is very

important to improve the transducer performance.

Besides selecting the appropriate piezoelectric material for a designated trans-
ducer, the configuration of the transducer element can also be tailored to approach
the desired transducer performance. Piezoelectric 1-3 [12, Bland 2-2 [9] composites
are also commonly used in transducer technology. The higher k coefficients and

better impedance matching can lead to higher transducer sensitivity and improved

bandwidth.
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1.3 Conformable Ultrasound Imaging Devices

Biomedical imaging has a wide range of applications ranging from patient care such
as detection and diagnosis of foreign bodies and fractures to studies of biological
structure and function to address fundamental questions in biomedicine [10]. Because
of its improved image resolution, high frequency ultrasonic imaging has been used as
a clinical tool for examination of the skin, the anterior segment of the eye, vascular
system, etc [I8]. Despite the numerous benefits, conventional ultrasound technology
still suffers from drawbacks such as high operator dependence, the accompanying
measurement variability and inability to cover curved human body parts or perform
whole-organ imaging with high spatiotemporal resolution due to probe rigidity [15].
As a result, there is a need to develop flexible and conformable ultrasound transducer
arrays that are operator-independent and provide seamless contact to the curvilinear

surfaces on the human body.

A conformable ultrasound imaging devices necessitates a complex integrated sys-
tem consisting of: flexible/stretchable substrates, conducting electrodes, transducers,
and encapsulation materials. For implementing general flexible electronics, (1) elas-
tic materials and (2) stretchable/flexible structure are the two approaches to achieve
mechanical flexibility and stretchability. However, there are many limitations and

requirements to make ultrasound transducers flexible, even stretchable.

Traditional ultrasound transducers are all based on rigid substrates, while two-
dimensional arrays do not conform to the human body shape and line-arrays are
difficult to operate. The existing flexible devices have some defects in both tensile and
ultrasonic properties, and the process is relatively complex. To make the ultrasound
patches flexible and stretchable, available methods are similar to other comfortable
electronics. Two approaches on material science and electronic engineering have been
employed: (1) flexible piezoelectric materials and (2) rigid piezoelectric elements on
stretchable /flexible structures. Specifically, to realize large volume and operator-
independent acquisition, conformable ultrasound device should meet mainly three

requirements: (1) physical and electronic requirements: the array must be flexible or
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stretchable enough to seamlessly physical adhere and reliably acoustic contact over its
entire surface area; (2) beam generating and sound field: location of the transducer
element positions and orientations; and (3) data integrity and signal processing: image
acquisition must be of high quality to allow post-scan clinical assessment without

regard for scanning geometry.

1.4 Prior Work

As previously mentioned the two approaches to make ultrasound devices flexible and
stretchable is : (1) using flexible piezoelectric materials such as PVDF and (2) em-
bedding rigid piezoelectric elements in stretchable/flexible materials such as PDMS

and polyimide.

Flexible Piezoelectric Materials

Among the flexible piezoelectric ultrasound transducer systems, most are composed
with PVDF. Compared to conventional bulk piezoelectric ceramics such as PZT,
PVDF and its copolymer offer advantages such as high mechanical flexibility, broad
bandwidth and low acoustic impedance. Flexible linear and two dimensional trans-
ducer arrays made of PVDF and its copolymer have been used to perform imaging
of a wide variety of human tissues such as the breast [I1], 5], femoral artery [6], eyes

[16, [7, 19] and cartilage [12].

Rigid Transducer Stretchable/Flexible Substrate

Conventional piezoelectric materials such as PZT exhibit excellent electromechani-
cal performance and are well-studied, but they suffer from high modulus that makes
them ill-suited for integration with curvilinear biological surfaces. As fabrication tech-
niques and processing technologies advance, bulky piezoelectric materials are able to
be manufactured in smaller dimensions which enables the integration of bulk ceramic
materials in flexible or stretchable substrates. However, even when rigid piezoelectric

elements are embedded in stretchable or flexible materials, the overall system is of-
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ten only flexible but not conformable and can often present mechanical detachment
issues. Dann et al. fabricated a flexible 2D ring annular array which consisted of
PZT elements mounted on silicon islands held together with polyimide joints and
encapsulated in a thin layer of parylene-C film[8]. The polyimide/parylene joints
were capable of withstanding more than 10,000 cycles of iteratively flexing about
an angle of 60° without deterioration. The flexible ring annular array provides en-
hanced focusing capabilities by being able to perform both electronic and mechanical
beam steering/focusing and is aimed for applications such as fracture detection in
extremities and evaluation of shrapnel and wound tracts.

Utilizing similar device structure with polyimide joints, Bennett et al. fabricated a
linear transducer array that can be curved around an index finger and withstand 1,000
bending cycles around a cylinder of 1 cm in diameter while Singh et al. evaluated a
PZT transducer array mounted on copper-cladded polyimide flexible printed circuit
substrate|2, [18]. However, even though the spaced island design allowed the device to
be bent and curved, the polyimide flexible joints were not robust enough and could

not be stretched.

1.5 Overview

This research aims to develop a multi-transducer conformable ultrasound imaging
system utilizing novel piezoelectric ceramics. Preliminary studies on this ceramic
have shown promising results indicating to an improvement in performance when
compared to other PZT ceramics. Rigid ultrasound transducers were fabricated from
these novel ceramics. The goal is then to embed these locally rigid transducers into
a globally flexible substrate. Chapter 2 details the ultrasound transducer design, and
reports the electrical and acoustic characterization of eight 64 element transducers.
In chapter 3, the transducers are interfaced with a commercial ultrasound imaging
system in order to image an ultrasound characterization phantom. Chapter 4 de-
scribes the methods for designing and fabricating a five transducer patch, and asses

the image acquisition of this design on a curved ultrasound imaging phantom. Fi-
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nally, Chapter 5 summarizes all of the results and describes remaining challenges and

possible solutions.
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Chapter 2

Fabrication and Characterization

This chapter will briefly discuss the design and fabrication process of the ultrasound
transducer from bulk piezoelectric material. Then it will describe in depth the char-

acterization procedures and results of eight transducers that were fabricated.

Figure 2-1: (a) top view after dicing (b) top view after electrode deposition (c) top
view with matching layer (d) bottom view of transducer with backing layer

2.1 Device Design and Fabrication

The design of these transducers can be separated into two parts. The first describes
the dimensions of the array which can be found in Table With these design
parameters the bulk piezoelectric material is polished to reach a desired thickness and
diced to create the individual elements. Additionally, Au/Cr electrodes are deposited
over the individual elements via electron beam vapor deposition using a photoresist

mask. Figure 2-1[(a) show the transducer prior to electrode deposition and (b) after
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electrode deposition.

The second part of the design and fabrication is ensuring that ultrasound waves
can properly propagate into human tissue. This is accomplished by adding matching
layers to the transducer that match the acoustic impedance of the piezoelectric mate-
rial to that of the skin. Additionally, a backing layer is also added to ensure ultrasonic
energy is only being propagated forward. This is accomplished by selecting a backing
layer that rapidly attenuates the ultrasound waves that propagate through it. The
details to these layers is listed in Table[2.2] Figure [2-1](c,d) show the transducer with

its matching and backing layer respectively.

Table 2.1: Overview of the parameters used in the transducer’s array design

Parameters Value Explanation
Working frequency ()| 3.5 MHz |Compare with C5-2 used in the bladder imaging
Wavelength (A) 440 pm | A = oA 1540/3.5 = 440 pm
Pitch 220 pm | Meet the requirement of A2 for phased array
Element width {w) 170 pm | Determinted by the thickness and vibration of the blade
Kerf 50 um | Determinted by the thickness and vibration of the blade
Length (/) 14 mm |220 pm > 64 = 14.08 mm
Thickness (f) 560 pm | Freqguency constant = thickness * working frequency
G = tw 3.23 Meet the reguirement of #w = 3 for better thickness vibration
Height (h) 15 mm | 1) N = H%4A: The required focal depth =10 cm. H = 13.2 mm

gg} I;lnpedance match. The impedance at resonance frequency is around

Finally, in order to make the gold electrodes accessible for characterization an
Anisotropic conductive film (ACF) is used to electrically connect the transducers
to a 2-layer PCB as seen in Figure 2-2] The ACF connection is done by aligning
the individual traces on the film to the electrodes on the transducer and then heat

bonding. After this step the transducer is ready to begin characterization.

Table 2.2: Summary of material properties used in the transducer

Function Matenals Thickness Sound velocity Density Acoustic impedance
(mm) (mv/s) (kg/m?) (MRavyls)
1" matching layer Epoxy 301/Zr0; powder 0.24 2780 2890 8.22

2* matching layer Epoxy 301 0.22 2602 1150 2,98
Backing layer Esolder 3022 1.5 1890 3160 5.98
Load medium Water - 1540 1000 1.50
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Figure 2-2: (a) Close up of a transducer’s top surface after electrode deposition and
after ACF bonding (b) ACF bonded to board 1 (c) Image of fully fabricated transducer

ferent levels, individual elements, entire transducers, and across all the fabricated

transducers. For each of the different measurements representative data sets will be

presented in detail and the broader results will be summarized.

Magnitude (Ohms)

f 80 Frequency (MHz)
[\ 1 2 3 4 5 6 7
il la 10 T —— = 0
A | o =N
[ 8 g
: AN 40 3 ™
10° IR 6 i7" N| 5
| = A N
| 20 § 4 o (‘\ AN
=4 V4 hY
I 2 S ap | N 1-10
' o & E [/ | f !
(et =5 3 :% ol ) \'\FWW'\’. :
s {20 § [ ; \
[ 8 o L -2 ‘l ] \\ -15
N | . / V1A-40 4 | : Y
X | | 1
\ > A & fe=3.4914 ! 1-20
” 9 v \ 80 BW = 126% !
Sy .
i
102 = . . . R R ) oag T ! 55
1 2 3 4 5 8 7 BO9W 177 175 18 185 19 195 20 205
Frequency (MHz) Time [us]

Figure 2-3: Single Element Characterization for element 7 of transducer #¥5

25

For each characterization modality the results can be summarized at three dif-

Amplitude (dB)



2.2 Impedance Analysis

Electrical impedance of the fabricated linear array was measured in air using an
impedance analyzer (Agilent E4991A, Agilent Technologies). Each transducer’s indi-
vidual element is measured individually resulting in 64 waveforms that describe the
entire array. This measurement can be made as soon as the gold electrode deposition
is completed, however the resulting measurement varies as the additional fabrication
steps are completed. Prior to each measurement the impedance analyzer is calibrated
and each element is scanned over a frequency range of 1MHz-6MHz.

The impedance of each element is represented by a phase and magnitude as seen
in Figure 2-3|left). From this two key parameters can be obtained the elements
resonance and anti-resonance. Due to this being an impedance plot a negative peak
indicates a resonance where as a positive one indicates the anti-resonance. In Figure
the resonance is at fr = 3.43 MHz with an impedance magnitude of 3192 while
the anti-resonance is at f4 = 4.16 MHz with 880Q2. From these values the k.ss

parameter for piezoelectric devices can be estimated using equation [20].

2
kepr =11 - % (2.1)

In this case K.¢r = 0.57. Furthermore this calculation is made for every element
in a transducer. The results of this are presented in Figure . Figure (a—b)
plots the impedance magnitude of each individual element in 3D space with the
new dimension being element #. This shows how the waveform varies across the
transducers, and makes trends easier to notice. In this case the impedance at the
anti-resonance seems to be decrease and then increase. The continuity in the changes
indicates that this might be caused by an unevenness in the surface or thickness of
the piezoelectric ceramic. Additionally, the empty spaces indicate a lack of proper
electrical connection between Board 1 and the individual element. This might be
caused by the degradation of the ACF cable or an deformity in the gold electrode.
For each transducer a yield for successful connections can then be described. Finally,

Figure (C-e) plots the resulting resonance, anti-resonance, and k.;; values. A
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Table 2.3: Summary of impedance characterization across 8 transducers

Array Num Resonance Anti-Resonance K Yield [%]
Freq [MHz] |Z] Phase [7] Freq [MHz] 1Z] Phase [7]

1 Avg 3.45 360 -48 422 756 -51 0.57 84
Std 0.08 202 3 0.14 336 7 0.03

) Avg 3.40 310 -47 3.98 636 -49 0.52 92
Std 0.11 77 7 0.08 63 8 0.02

3 Avg 3.31 251 -39 417 464 -40 0.61 a4
Std 0.14 35 4 0.11 101 6 0.03

A Avg 3.42 136 -12 4.05 2,772 -6 0.54 84
Std 0.07 8 3 0.07 207 6 0.01

5 Avg 3.44 195 -21 423 990 -23 0.58 9
Std 0.05 28 4 0.03 169 5 0.01

6 Avg 2.88 213 -27 3.61 715 -32 0.60 1
Std 0.14 53 3 0.31 289 9 0.04

7 Avg 3.29 234 -30 3.93 724 -37 0.54 93
Std 0.10 24 3 0.17 95 7 0.03

8 Avg 3.15 146 -11 3.68 2,829 5 0.51 a8
Std 0.06 30 5 0.07 335 10 0.02

summary of all of these parameters can be found in Table From this table
it is clear that there are inconsistencies across the transducers resonance and anti-
resonance frequency, which is due to a non-uniform thickness. Despite this the k.s¢
does not vary as much. It is also important to note that no transducer reached a

100% yield on the electrical connection.

2.3 Acoustic Performance

The test setup for this measurement is described in Figure[2-5] The acoustic pressure
generated by the phased array was measured inside a 10-gallon water tank filled with
degassed water. The transducer was fixed to the side of the tank using double-sided
tape and was driven by the Verasonics Vantage Research Ultrasound System. A hy-
drophone (Onda HGL-0200 Capsule Hydrophone) was used to measure the acoustic
pressure. The hydrophone’s generated voltage is fed through a preamplifier (Onda
AG-2010 Hyrdrophone Preamplifier) which is then read and captured using an oscil-
loscope (Tektronix 3 Series MDO32). Finally, a trigger signal was also output from
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Figure 2-4: Summary of electrical impedance characterization of transducer #5 (a-b)
Impedance Magnitude (c) Resonance (d) Anti-resonance (e) K.s¢

Verasonics into the oscilloscope to facilitate data capture.

A test setup made up of optical components was built as a custom holder for the

hydrophone. The holder is mounted on a 3-axis motion stage which is fixed to an

optical breadboard for support. The motion stage provided a resolution of 0.5 mm
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Z-Stage
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Verasonics
Y-Stage
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Figure 2-5: Diagram describing the 3-axis motion stage used to measure acoustic
pressure generated by an ultrasonic transducer inside a water tank

translation per revolution in the x-y axis over 25 mm and 0.635 mm translation per
revolution on the z axis over 16.4 mm. The fully built test bed is shown in Figure

2-0

First the transducer was connected to Verasonics and fixed inside the water tank.
The hydrophone was then immersed in the water and positioned 5cm away from
the transducer. Next, the transducer was driven with a single cycle 3.5 MHz pulse,
and delays were introduced across the transducers in order to focus the transmit
beam. Measurements were then taken with the transmit beam focused at 3cm,
4cm, bem, 6cm, and 7em. This was repeated two more times such that for X, =

HydrophonePosition 5 measurements were taken with transmit beam focused at

'[I‘ra[msd!ucer

Figure 2-6: Images of experimental test setup used to perform acoustic pressure
measurement(a) top view (b) right side view (c) left side view
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Table 2.4: Summary of acoustic pressure data collection scheme

Hydrophone Position Transmit Beam Focal Point
5 cm dcm|4cm| bem | 6cm | 7cm
7 cm 5cm |[6cm | 7cm | 8cm | 9cm
10 cm 8cm | 9cm | 10cm | 11 ecm | 12 cm

Xy + 6, for §, = [-2,—1,0,1,2]. Table summarizes all the positions and respec-

tive focal points that are measured.

The raw data from the hydrophone is processed to convert the voltage into acous-
tic pressure using sensitivity values provided by the manufacturer. First the voltage
is derated by taking into account the attenuation of the medium. Figure [2-7] shows
this voltage waveform recorded at three different position. From this waveform peak
rarefactional pressure, p,, is calculated and used to obtain three characteristic param-
eters: Mechanical Index (M), Spatial peak temporal average intensity (Ispra), and
Spatial peak pulse average intensity (Isppa) [14, 4, [I]. These parameters are used
by regulation agencies like the FDA to ensure that ultrasound transducers are not
delivering harmful levels of ultrasonic energy into the body. Calculations for these

parameters include details like pulse duration (PD) and pulse repetition frequency

X_H = 50mm X_H = T0mm %_H = 100mm
Focal Point= 50mm ) Focal Point= T0mm ) Focal Point= 100mm

puise pulse | pulse
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Figure 2-7: Acoustic pressure data for a single transducer at 3 points
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(PRF) and are carried out as follows :

PII )
Tspps — PDd Ispra = PII; x PRE MI = \7/9f_ (2.3)

where PI1; is the pulse integral intensity or the pulse power, while t1y and tgy are
the times when the amplitude is bellow 10% and 90% below peak PII,; respectively.
A summary of these parameters across all transducers is shown in Table and in
Figure 2-8] From these it is clear that the custom transducers pose minimal risk to
the body given how for each parameters the results are distributed well below the

recommended safety limits[I].

Table 2.5: Summary of Acoustic measurements across 8 transducers

ISPTA (mW/ /cm2) ISPPA (W /cm2) MWl {unitless)
Array =

Mumber Max Mean | St Dev. Max Mean | 5t Dev. Max Mean Dev
1 0.064 | 0.049 0.011 | 5862 5.322 1.37 o214 | 0189 | 0.022
2 D120 | 0044 | 0037 | 12107 | 4439 | 3850 | o295 | 0185 | 0.079
3 0.057 0.021 0.018 | 8233 2.568 2.673 0216 | 0119 | 0.058
4 0.079 | 0.020 | 0.024 | 8.776 2204 | 2736 | pass | 0102 | 0.052
5 0.072 0.026 0.019 | 10096 | 3.295 2.812 o266 | 0150 | 0.068
6 0.057 | 0.027 0.02 5.932 2206 | 2004 | paso | 0127 | 0.057
7 0.164 | 0.053 0.054 | 13.232 | 2772 3924 | o330 | 0,162 | 0.100
2 0.082 0.027 0.027 | 9.626 2.856 3227 | oa2ss | 0123 | 0.080

Suggested
EDA level 0.72 190 1.9

2.4 Pulse/Echo

A pulser /receiver (JSR Ultrasonics DPR 300) was used to individually excite single
elements from a transducer with an electrical impulse of 9J, a reputation rate of
100 Hz and 182 2 damping factor, and the previously described hydrophone and
pre-amplifier was used as the receiver. The hydrophone output was measured and
recorded on an oscilloscope (PicoScope 5000 series). A modified experimental setup

was used to take this measurement as shown in Figure and Figure [2-10, The
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Figure 2-8: Three histograms describing the distribution of acoustic energy at multiple
distances and focal points over all 8 transducers

transducer was fixed to the bottom of a glass container filled with degassed water

and the hydrophone was suspended above the transducer at a fixed distance.

At the start of each data acquisition the hydrophone was aligned over the trans-
ducer by moving the 2-axis stage that the hydrophone is mounted on and maximizing
the amplitude of the hydrophone output. For each transducer measured random 4
independent elements were selected across the transducer to represent the transducer.
The data stored data was then processed in Matlab to calculate its frequency spectra.

From this, upper f, and lowerf, -6 dB frequency bands were identified as well as the

center frequency:

fc: fu;‘fl (2.4)
BW:f“f_fl x 100 (2.5)
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Hydrophone OsCi"OSCOpe

Z-Stage \
Y-Stage — Pulse Echo
X-Stage Transducer
Figure 2-9: Diagram of test-bed for pulse/echo measurement of individual transducer
elements

Figure 2-10: Pictures of test-bed for pulse/echo measurement of individual transducer
elements(a) front view (b) close up side view

Given the parameters previously discussed in Table[2.1]the goal for each transducer
was to achieve a working frequency of 3.5 MHz. In Figure 2-11] the pulse echo results
of transducer 4 are shown. For these 4 elements there is minimal variation and
they all include 3.5 MHz in their bandwidth. However, this was not the case across
all transducers. Table [2.6] details the center frequency and bandwidth across all
transducers. From this it is evident that most transducer met the criteria of including
3.5 MHz in their bandwidth even if the center frequency was not consistently 3.5 MHz.
Additionally, some transducers are showing a large standard deviation within the 4

elements.
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Figure 2-11: Pulse echo data from 4 elements in a single transducer # 4

Table 2.6: Summary of pulse/echo characterization across 8 transducers

Array Mum Element 1 | Element 2 | Element 3 | Element 4 | Average Std.
Fc [MHz] 276 3.56 3.5 3.85 3.44 0.50
Bandwidth 2005 08% 101 % 75% 120% 55%
Fc [MHz] 3.12 3.18 3.00 3.14 3.11 0.08
Bandwidth 104 5% 108% 114% 85% 104% 11%
Fc [MHz] 4.21 3.46 3.65 3.54 3.74 0.33
Bandwidth 62% 111% 101% 83% 85% 22%
Fc [MHz] 3.45 3.53 3.50 3.36 3.46 0.07
Bandwidth 114% 90% 104% 107% 104% 10%
Fc [MHz] 3.537 3.00 3.13 3.29 3.20 0.17
Bandwidth 135% 141% 108% 116% 125% 16%
Fc [MHz] 280 2.57 261 274 258 0.11
Bandwidth 101%: 114% 114% 112% 110% 6%
Fc [MHz] 3.05 3.35 3.13 3.26 3.20 0.13
Bandwidth 94% 93% 92% 93% 93% 1%
Fc [MHz] 3.30 3.49 3.36 3.36 3.38 0.08
Bandwidth 1055 126% S8% 113% 111% 12%
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Chapter 3

Ultrasound Imaging on Flat Surface

All of the image acquisition was carried out using a Verasonics Vantage Ultrasound
Research System at the Center for Ultrasound Research and Translation (CURT) at
MGH. Collaborators at this center facilitated the use of this system during the data
acquisition process. The Verasonics system is capable of driving two transducers
with up to 128 elements each. Additionally, various beamforming techniques can be
implemented for real time imaging and raw data acquisition. The entire system is
programmed in Matlab through scripts and a Graphic User Interfaces. This chapter
follows the design and construction of a connector to interface the lab made trans-
ducers with the commercial system, and an assessment of the images obtained on a

flat ultrasound phantom.

3.1 Single Transducer UTA Connection

Ultrasounds transducer interface with Verasonics via a Universal Transducer Adapter
(UTA). In order to interface the fabricated transducers with Verasonics, an adaptable
connector was designed and built that was UTA compatible. Figure describes the
overall design and signal path from Verasoncics to a transducer. This design allows
for the transducer in use to be interchangeable. An additional aspect to note is
the ordering of the elements in the UTA connector. The inherit ordering of a UTA

connector is not sequential and therefore does not follow the physical structure of a
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Figure 3-1: (a) High level diagram describing the signal path (b) detailed diagram
with separated signal paths (c) Schematic of PCB boards used

transducer. To solve this Board 2, a 4 layer printed circuit board (PCB), takes a
sequential ordering at its inputs and reroutes the signals to match what the UTA

connector expects.

A commercial ultrasound transducer with a UTA connection was deconstructed
and modified to meet this need. The connector is capable of supporting up to 128
individual elements. The final design grouped these signals into 8 groups of 16. Each
individual signal line was removed off of the original printed circuit board (PCB)
and soldered onto PCB 2. Figure |3-2| shows the deconstruction of the commercial
probe and construction of the previously described connector. This PCB interfaces
via ribbon cables to the transducer’s complementary PCB. Due to each transducer
consisting of 64 elements two transducers could be connected in parallel with this

interface
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UTA Connector Deconstruction and Assembly

Figure 3-2: (a-g) Disassembly of a comercial ultrasound probe with a UTA connection.
(h-i) Removal of wires from comercial PCB onto custom PCB. (j) completed UTA
connector PCB 2. (k-i) PCB 2 interfaced with two PCB 1 transducer interfaces.

3.2 Multi-Transducer UTA Connection

In order to increase the number transducers that could be operated in parallel a
multiplexing (MUX) system was added to support up to 6 transducers, shown in
Figure |3-3| From Figure it is clear how PCB 2 from the single transducer UTA
connector interfaces with the MUX system. This allowed for parallel connection, but
is limited to sequential use. Due to this board relying on the same fundamental UTA
connection only 2 transducers can be activated at a time. The active transducer pair

is controlled via a serial port.
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3 f’ interface

USB Cable to PC

Figure 3-3: Labeled image of the multiplexing system

3.3 Experimental Setup

Ultrasound Flat Phantom

A flat ultrasound phantom model (Ultrasound Phantom Model 040GSE CIRS) was
used to characterize the imaging performance of the transducers. As seen in Figure
this phantom consists of near field targets, resolution targets, hyperechoic and
hypoechoic targets, along with various other targets. The main regions of interest
imaged across all the transducers are the axial/lateral resolution targets and the

vertical targets.
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Figure 3-4: (a) Diagram of targets within CIRS phantom, (b) picture of phantom
with single transducer

Methods

Each transducer was connected to the Verasonics system using the custom UTA
connector and was driven with 50 V, and time-gain control activated. The excitation
signal was a single cycle 3.5 MHz pulse. During the image acquisition a phased
array beam forming scheme was used to obtain a real time image generated by the
Verasonics system in order to visually align the transducer over the desired region on
the phantom. After alignment was completed a SAR transmit/receive scheme was
used and the raw received data was stored and beamformed in post-processing.
Finally, multiple arrays were placed and aligned on the phantom at measured
intervals in order to obtain congregate images of the entire phantom. This was done
by using the multi-transducer system and sequentially imaging with each transducer.
Lastly, ultrasound gel was used during all the image acquisitions to ensure acoustic

coupling between the transducers and phantom.

3.4 Results

A single transducer is capable of scanning a region of 15 cm deep and 12 cm wide as

seen in Figure|3-5 However, the brightness and resolution is not constant throughout
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the image which is to be expected. The bright region in the top-center of each
image correspond to the location of the physical transducer. Due to the ultrasound
reflections that occur at the transducer-phantom interface there is a concentration of
energy in the image. It is also worth noting that although none of the transducer
have 100% yield on their electrical connection they are all able to form an image as
seen in Figure [3-6|

While each transducer successfully forms an image, the image quality among the
different transducers varies. Transducer 2 and 4 appear to have the best resolution and
contrast, while transducer 7 appears to have a strong spreading artifact. Nevertheless,
the resulting images in Figure [3-7] from operating three arrays in series arises to
excellent results. The over all field of views is increased without the need for any

additional motion as in Figure |3-5

Left Middle
N

cm

60 -50 40 -30-20-10 0 10 20 30 40 50 60 -50 40 -30-20-10 0 10 20 30 40 50 -60 -50 40 -30-20-10 0 10 20 30 40 50

Figure 3-5: Scan of CIRS phantom at three locations with a single transducer using
an 80db range
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Figure 3-6: Summary of resolution target imaging of 8 transducers all with a 60 dB
range
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Chapter 4

Ultrasound Imaging on Curved

Surface

Given the promising results in image quality on the CIRS flat phantom, the next
step is to integrate the individual transducers into a conformable substrate. This
results in a final system that is locally rigid, but globally flexible. While there are
many applications that could benefit from conformable devices that allow for operator
independence, each would require a custom design. Therefore, in this study a method
for integrating the transducers into a conformable substrate was developed, as well
as a 3D visualizer to aid in determining optimal design. This chapter will describe
how these methods and tools were used to design a 5-transducer conformable patch
for imaging on a curved phantom with three dimensional complex targets, as well as

discuss the resulting acquired images and performance.

4.1 Conformable Patch

Curved Phantom

A curved phantom (US-18 Fundamental Ultrasound Phantom, Kyoto Kagaku) is the
target for this study. It consist of various 3D object scattered through the material

as seen in Figure [4-1f The surface of this phantom can be described as an ellipsoid
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Us-18
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Figure 4-1: (a) Picture of curved phantom, (b) description of targets within phantom,
(c) image of the phantom

as seen in equation [£.2] where the parameters are defined as follows in units of mm:

XC:O,YCZO,ZC:O,XR:120,Y3280,ZR:110 (41)

(z — X¢)? N (y—Ye) | (22— Zc)?
X3 Yy Zr

=1 (4.2)

The exact dimensions of the embedded targets are described in Figure -1 how-
ever their exact locations within the phantom are not provided. Given the lack of
information on exact location of targets within the phantom, the C5-2 commercial

probe was used to scan the phantom and identify targets of interest.
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Figure 4-2: (a) 3D visualization of a single transducer over a spherical surface with
an ellipsoid target (b) Intersection between transducer beam and target

Visualization

Visualization is a great way to gain insight into how the geometric properties of both
the conformable patch and the surface interact. This visualization tool uses Matlab to
render a 3D model of the FOV of one or more transducers within a phantom. Figure
X(a) is a 3D render of a single transducer at the center of a spherical phantom with
an ellipsoid as the target while Figure X(b) shows the 2D intersection between the
transducer’s FOV and the target. The intersection estimates the resulting perspective
of the transducer’s ultrasound image. All calculations and 3D rendering is performed

in Matlab.

There are three main components to the visualizer: 1. an outer surface 2. the
transducer set and respective beams 3. an embedded 3D target. The outer surface
is defined as a surface in this case an ellipsoid as in specified by its center and
radii in the z,y, and z direction. A transducer is defined by a footprint, a location,
and FOV. The location is constrained to a position on the defined outer surface, and
the FOV is defined by an angle calculated as seen in Figure [4-3] The embedded 3D

target is defined in the same way as the outer surface with differing parameters.

45



120 - —

100 ¢

450

40 +

20 ¢

o0 s 60 40 20 0 20 4 e 8 10
Figure 4-3: Definition of a transducer’s FOV in the visualizer

Design
The identified functional requirements for a conformable patch were as follows:

(1) Conform to curvilinear surfaces

(2) Provide interface that allows ultrasonic transmission

(3) Bounded spacing between transducers

(4) Biocompatiblity

(5) Provide wide field of view

The proposed design is described in Figure [4-4(a) and consists of five transducers

organized in a cross shape. The horizontal row of transducers are all oriented in the

Figure 4-4: 3D rendering of patch mold
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same direction while the column of transducers are rotated 90 degrees. This results
in an aggregate increase in field of view in both the X and Y axis. Additionally the
petal-like designs allows for each transducer region to conform along its axis while
minimizing global deformations.

In order to fabricate this a mold was designed and 3D printed. As seen in Figure
4-4(b), this mold consists of 5 elevated platform measuring 28mm X 28mm X 4.5mm
and a smaller platform above it measuring 20mm X 20MM X 0.5mm. This allows
for a thin layer to form that will serve as a window for the transducer to transmit
ultrasonic waves that is less than 0.5mm thick. This thin layer additionally provides
acoustic coupling between the transducer and the target surface, which minimizes
the need for ultrasound gel. The patch itself is made out of a two-component silicone
rubber (EcoFlex 03-00, Smooth-On) which cures at room temperature and is certified

skin safe.

Fabrication

First, the mold was sanded to prevent all of the texture from the 3D printing process
to create an imprint on the patch. Then, 50ml of the silicone rubber (EcoFlex 03-00) is

mixed and poured into the mold which is enough to fill the mold without overflowing.

Figure 4-5: Mold fixed onto the shaker
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The elevated platforms not only serve as the cavity, but also defines the thickness
of rubber covering the transducer. The target thickness is 0.5mm, however, due to
the viscosity and surface tension of the silicone rubber (EcoFlex 03-00 this cannot
be achieved by directly pouring into one location on the mold.Instead, the rubber is
partially poured over each of the 5 pillars and then the entire mold is placed on a
shaker(VWR Advanced Vortex Mixer) for 10 minutes to provide an even covering of
the pillars’ surfaces as seen in Figure [4-5] Next the remaining rubber is poured into
the mold and left to cure for 4 hours after which it is unmolded. Because the pot life
of this silicone rubber is 45 minutes this process must be done quickly. The cured

and unmolded silicone rubber patch is show in Figure [4-6]

et F— / —a
—Belionm Side

T@p@@
Figure 4-6: Silicone rubber conformable patch prior to the embedding of the trans-
ducers

The next step in the fabrication is to place and embed the transducers into the
patch. After placing the device inside their respective cavities it is necessary to press
out any air bubbles that might be trapped between the silicone and the matching
layer. If any air bubbles remain it will diminish the overall acoustic energy being

delivered as well as cause bright artifacts in the acquired images.

4.2 Imaging Methods

In order to obtain images, the MUX UTA connector was used to interface with all five
transducers on the conformable patch. The patch was a aligned with curved phantom

and carefully placed ensuring to minimize bubble accumulation at the interface (see
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Figure 4-7: Conformable 5 transducer patch placed over the center of the phantom

Figure [4-7 Data was acquired from each transducer independently using the same
parameters: A single cycle, 50V, 3.5MHz pulse. Next, the commercial C5-2 probe
was used to obtain images over the same area to use as a comparison. Multiple levels
of pressure were used on the commercial probe as seen in Figure [4-8(b)

Given the complex distribution of 3D target, the next set of images consisted of
using a single transducer to scan the phantom. After identifying a region of interest
three transducers were aligned and used to image. To facilitate the motion ultrasound
gel was added at the transducer-phantom interface, however once multiple transducer
were aligned the gel was removed and a thin layer of silicone rubber was used as the

coupling medium as when in the patch.

4.3 Results

The commercial transducer was used to scan the entire phantom and identify target
locations. Images over the spherical targets are shown in Figure [I-8 Additionally,
Figure [4-8| also gives insight into how much pressure is required to obtain an image
with the commercial. Despite this transducer having 128 elements, when no pressure
is applied its convex shape limits its contact area. This reveals another limitation of
commercial probes, that is addressed in the proposed system.

In Figure [4-7] a photo of the conformable patch with the 5 transducers inside the

cavities are shown. This setup did not result in successful acquisitions of images
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Figure 4-8: Resulting images with commercial probe while varying degrees of pressure
are applied

due to the transducer not being fully embedded in the silicone rubber. This caused
detachment from the thin layer of silicone between the transducer and the phantom
resulting. Due to the decoupling between the transducer and the phantom all images
acquired were mostly made up of noise.

During the single transducer translation understanding of the 3-D targets was
understood by obtaining images after each small translation. In Figure (a—d) the
transducer is being translated and different cross section of the sphere are evident.

Finally, a linear region on the surface was identified that interfaced with two

3-D targets: the sphere and ellipsoid. In Figure an estimated model of this

60 -50 40 -30-20-100 10 20 30 40 S0 £0-50 40 30 -20-100 10 20 30 40 50 60 -50 40 <30 2010 0 10 20 30 40 50 60 -5040-30-20-10 0 10 20 30 40 S0

Figure 4-9: Ultrasound image set of a 3-D spherical target as it moves out of the FOV
as the transducer moves

50



3-0 Visualization

Intersection

< f

——— ey

i1 i

d

LI

@

Figure 4-10: (a-c)Visualization of the 5-transducer patch over an estimate of the
curved phantom (d-f) intersection between each transducer and the sphere (yellow)

and /or ellipsoid (purple)

scenario is visualized from this it is clear that depending on the specific locations
of the transducers how much of either object the transducer could see. However,

by properly aligning three transducer a broader field of view can be obtained that

observes both targets as seen in Figure d—f) and Figure .
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(vellow dashed circle) and elliptical targets (purple dashed circle)
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Chapter 5

Conclusion

Eight ultrasound transducers made up of novel piezoelectric ceramics were fabricated
and characterized. The characterization consisted of electrical impedance, acoustic
performance, pulse/echo waveform, and imaging of resolution targets. Additionally,
a method for combining arrays into a conformable patch made out of silicone rubber
was described and tested. Additionally, the performance of imaging over a curved
surfaced was also tested.

The transducer characterization revealed a variation in performance likely cause by
fabrication inconsistencies and connection degradation. Further work on fine tuning
the fabrication is need to minimize this fluctuation. One change that could be done
in order to attain a more robust connection is moving away from ACF cables and
instead using a flexible printed circuit board. Lastly, more work is needed to be done
in integrating the connections into the flexible substrate to ensure a more robust

system and minimize mechanical detachment.
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