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Abstract

Ultrasound is widely used in clinical practice because it is safe, non-invasive, non-ionizing,
low-cost, and provides real-time imaging, monitoring, and therapy. However, conventional
ultrasound probes are rigid, pressure-required, and operator-dependent. Replacing rigid
transducers with conformable ultrasound transducer arrays can allow image acquisition on curved
body parts, improve image quality, and enable functions such as long-term monitoring. In this
thesis, I propose a conformable ultrasound breast patch (cUSBr-Patch) consisting of a one-
dimensional (1D) phased array and a nature-inspired patch design, which offers large-area, deep
tissue scanning and multi-angle, repeatable breast imaging while avoiding the drawbacks of
conventional ultrasound imaging technologies. I used a Yb/Bi-doped PIN-PMN-PT single crystal
as the active element due to its superior piezoelectric properties (d33 = 2,800 pC/N, & = 7,000, k33
= 0.93). I then fabricated a 1D phased array transducer consisting of 64 elements with an
operational frequency of 7.0 MHz. The 1D array exhibits promising acoustic performance with 1)
a maximum imaging depth of 80 mm, ii) contrast sensitivity of 3 dB, iii) axial/lateral resolutions
01 0.25/1.0 mm at 30 mm depth, and iv) a larger field of view than the commercial handheld linear
probe at depths of approximately 30 mm or deeper, indicating a potential reliable capability to
detect early-stage breast tumors. Beyond this, comprehensive in vitro experimental studies
establish that the cUSBr-Patch can provide accurate and reproducible imaging of different
phantoms. The clinical trials reveal that the patch exhibits a sufficient contrast resolution (~3 dB)
and axial/lateral resolutions of 0.25/1.0 mm at 30 mm depth, allowing the observation of small
cysts (~ 0.3 cm) in the breast. This research develops a first-of-its-kind ultrasound technology for
breast tissue scanning and imaging which offers a non-invasive method for tracking real-time
dynamic changes of soft tissue.
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Chapter 1 Background and Research Motivation

1.1 Conformable electronics for healthcare and biomedical applications

1.1.1 Recent development of conformable electronics

In recent decades, healthcare and medical systems have encountered significant difficulties,
primarily due to the escalating health demands of society and unpredictable health issues that have
emerged globally [1]. An increasing number of individuals are recognizing that the majority of
non-communicable diseases stem from a lack of physical activity, inadequate nutrition, and
unhealthy lifestyle choices. The systematic gathering and immediate analysis of physiological vital
signs have become crucial in protecting individuals from the emergence and advancement of
illnesses in contemporary society. Conventional centralized healthcare services necessitate
individuals to personally visit hospitals to receive medical treatment, which can result in delays in
meeting their healthcare requirements. However, it is crucial to recognize that the wide array of
inflexible instruments and diagnostic methods have several drawbacks, such as inadequate
compatibility with living organisms, dependence on highly skilled individuals, and unpleasant
patient encounters [2]. There is a strong demand for medical equipment or systems that enable
patients to independently monitor and manage their own health issues. Conformable electronics
have gained considerable attention in recent years and are poised to revolutionize conventional
healthcare monitoring and diagnosis. This is achieved by integrating features such as portability,
wearability, remote access, and timely data collection [3, 4]. A variety of flexible electronics with
different substrates and matrices (i.e., polymers [5], elastomers [6], textiles [7], aerogels [8],
hydrogels [9]) — have been demonstrated for monitoring a wide range of health-relevant

parameters — such as electrophysiological (e.g., electrocardiogram (ECG), electroencephalogram



(EEG), electromyography (EMG), electrooculogram (EOG))[10], physiological (e.g., blood
pressure [11], pulse [12], temperature [13]), thermal (e.g., thermal conductivity, temperature
distribution[14]), mechanical [15, 16] (e.g., strain [17], pressure [18, 19]) and biochemical
information (e.g., glucose/lactate [20], hydration [21], pH [22, 23], sweat [24], local field potential

[25]), have continuously emanated from the human body.

Piezoelectric materials, which serve as intelligent materials connecting electrical and
mechanical energy, have been widely employed in various electronic devices in recent years.
Advancements in mechanical engineering and material fabrication technology have enabled the
creation of high-performance piezoelectric devices that can be shaped to fit various forms. These
devices show great potential for use in bio-integrated applications [15, 16, 26-28]. Piezoelectric
conformable electronics, fabricated from ceramics, crystals, composites [8, 29, 30], thin film,
polymers, fibers [31], have demonstrated real-time and continuous signal monitoring and decoding
for diverse soft tissue biomedical and healthcare applications, ranging from sensing [32, 33] to
energy harvesting [15, 34-36] and human-machine interactions [37], including in understanding
body motion, facial motion [6, 38], skin modulus [17, 39], heart motion [40, 41], gastrointestinal
motility [5], tactile stimuli [42], blood pressure [19, 43], and blood flow [44]. Nevertheless, the
majority of these devices focused primarily on physiological signals obtained from the external
surface of the human body or the surface of tissues and organs, providing only limited insights into
the internal structures of deep tissues and organs. Deciphering information from deep tissue, which
is essential for understanding the complex mechanisms underlying various diseases, is highly

intriguing.
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1.1.2 Conformable ultrasound electronics

Ultrasound technology, a highly utilized and rapidly advancing method for diagnosis and
treatment, has been extensively studied for its application in deep tissue medical diagnosis. It offers
several benefits compared to magnetic resonance imaging (MRI), which does not provide real-
time imaging and is costly, as well as computed tomography (CT), which involves ionizing
radiation and poses risks. Ultrasonic waves are commonly generated through various physical
phenomena, including magnetostrictive, electrostatic, electrodynamic, piezoelectric, and
capacitive effects [45]. The piezoelectric effect is the most common operating principle for
actuating and sensing ultrasonic signals [46, 47]. The ultrasonic method is highly suitable for non-
destructive testing (NDT), biomedical, and healthcare applications due to its distinctive features,
including exceptional precision, strong ability to penetrate deep tissues, remarkable sensitivity, and
non-ionizing radiation. In recent decades, there has been extensive research on the design principle,
materials, configurations, fabrication, and applications of traditional ultrasound transducers [46,
47]. Although ultrasound technologies have numerous benefits, conventional ultrasound probes
are bulky and hard. Additionally, an operator must maintain a stable grip on the probes to ensure a
reliable acoustic coupling interface, a sufficient field of view, and the desired penetration direction.
Currently, ultrasound probes are unable to fully encompass the curved surfaces of certain body

parts, such as the elbow, skull, knee, or larger areas like the breast, abdomen, or fetus [48].
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Figure 1.1. Overview of the most current advancements and innovations in conformable
ultrasound electronics (cCUSE). The conformable electronics with the integrated data acquisition
system exhibit superior ultrasound performance for non-destructive testing and biomedical

applications [55-70].

Hence, there is a significant demand for mechanically deformed ultrasonic transducers that
can adhere to the skin without any issues and still maintain their ultrasound functionality. These
transducers are crucial for achieving accurate imaging, long-term monitoring, precise therapy, and
various other applications [49]. The concept of conformable ultrasound electronics (cUSE) was
initially proposed prior to 2010 [48, 50] and has since been extensively studied over the past six
years [51-55]. This research has not only addressed existing constraints of inflexible and
cumbersome ultrasound probes but has also advanced the field of conformable electronics for
healthcare through the development of diverse designs and technologies. Several fabrication

strategies have been used to propose and create numerous cUSE for healthcare monitoring and
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biomedical applications in recent studies (Figure 1.1), including stretchable [56] and bendable [57]
devices imaging on complex surfaces, long-term monitoring with bio-adhesion [58] or integrated
system [59], large organ monitoring (breast tissue [60], bladder volume [61]), cardiac monitoring
[62], blood pressure monitoring [43], blood flow monitoring [44], energy harvesting [63], power
transfer for implant device [64], tissue repair [65], chronic wound healing [66], retinal stimulating
[67], peripheral nerve stimulation [68], brain stimulation [69], drug delivery on faces [70],
transdermal cosmeceutical delivery [71], and several other biomedical applications. Despite recent
proposals for wearable and flexible piezoelectric ultrasound devices, there are still unexplored
research opportunities in this field. These include incorporating cutting-edge piezoelectric
materials with ultrasound technologies and achieving standardized and reliable scanning of large-
area curvilinear soft tissues without applying transducer compression, in order to enable accurate

image reconstruction.

1.2 The detection target: breast tissue and tumor

Breast cancer is the predominant form of cancer among women globally, with approximately
2.26 million new cases reported in 2020 [72]. Nevertheless, there has been a consistent decrease
in mortality rates attributed to breast cancer as a result of advancements in treatment methods and
the implementation of screening technologies for early detection. Timely identification of breast
cancer is crucial for both survival and the prevention of disease development. Since 1989,
mortality rates have exhibited a downward trend as a result of improved early detection through
screening, heightened awareness, and the utilization of advanced treatment methods [73]. The
statistics report emphasized the utmost importance of early detection and treatment of breast cancer,
highlighting the significance of regular screening for all women, regardless of the stage of the
disease [74]. Breast imaging plays a crucial role in the detection and management of breast cancer.
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These technologies have the capability to detect cancer at an earlier stage, before it becomes
noticeable through touch, thereby enabling earlier intervention and care. Nevertheless, numerous
obstacles exist at the international level that impede women from attaining access to fundamental
services. The barriers encompass financial constraints, limited access to advanced technology for
early breast cancer detection, and efficacy concerns, particularly in developing nations [75]. This
section provides a brief summary of the background information on breast tissue and tumors, as

well as an overview of the current ultrasound technologies used for breast examination.

1.2.1 [Early-stage breast cancer

The TNM method, established by the American Joint Committee on Cancer (AJCC), is the
prevailing staging system for breast cancer [76, 77]. The abbreviations T, N, and M denote the
tumor's extent (size) (T), metastasis to distant sites (M), and lymph node metastasis (N),
respectively. Stages of breast cancer are conventionally delineated using numerical values between
0 and I'V. Stage 0 signifies non-invasive cancers that have not metastasized beyond the breast and
have metastasized to other anatomical sites.

Early-stage breast cancer is characterized by a tumor size of less than 5 centimeters and has
not met the criteria for metastasis beyond the breast or axillary lymph nodes. It consists of ductal
carcinoma in situ (DCIS) as well as breast malignancies in stages I, IIA, and IIB [78, 79]. DCIS
and other non-invasive breast lesions are categorized as stage 0. In stage 0, there is an absence of
indications of cancer cells or non-cancerous aberrant cells escaping from the site of origin in the
breast, infiltrating adjacent normal tissue, penetrating it, or passing through it. Invasive breast
cancer is characterized by its ability to penetrate or infiltrate healthy surroundings of breast tissue,
constituting stage I. In Stage I, the subcategories IA and IB are distinguished. Stage IA breast
cancer is generally classified as invasive when the tumor has not met the criteria of a 2 cm diameter,
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lacks metastasis beyond the breast, and does not impact lymph nodes. Stage IB generally denotes
invasive breast cancer characterized by the presence of minuscule clusters of cancer cells in lymph
nodes, measuring greater than 0.2 mm but less than 2 mm in diameter. Stage II is further classified
into two subcategories, namely IIA and I1B, which delineate lesions ranging in size from 2 cm to

5 cm.

1.2.2 Breast quadrants

There are fifteen to twenty lobes of glandular tissue in the breast, which are divided into
connective tissue and adipose tissue. Open lactiferous ducts transfer secreted milk to the nipple
from the lobes. A correlation exists between breast density and the density of glandular tissue and
the ductal system. In comparison to women with lesser breast density, those with greater breast
density are believed to have an increased cancer risk. In addition, it is critical to utilize breast
quadrants to comprehend and standardize the reporting of tumor location and to collect additional
information regarding the tumor. Perpendicular lines intersecting at the nipple can be used to divide
each breast into four quadrants: Upper-Outer (UOQ) representing superolateral; Upper-Inner
(UIQ) representing superomedial; Lower-Outer (LOQ) representing inferolateral; and Lower-
Inner (LIQ) representing inferomedial (Figure 1.2). Each quadrant possesses unique
characteristics and offers supplementary prognostic data pertaining to breast cancer [80]. Most
breast parenchyma is located in the upper peripheral quadrant. As a result, benign and malignant
breast pathologies prevalently manifest in the upper-outer breast quadrant. Nonetheless, fatality
rates for tumors located in the upper-outer breast quadrants are comparatively lower. The
occurrence of malignancies is least frequent in the lower inner quadrant. Medial breast and inner

quadrant tumors are associated with higher mortality rates. This could be attributed to the challenge
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of mammography detection in the interior quadrants and the advanced stage of the cancer at the

time of diagnosis [81].

pper outer
quadrant

Upper inner
quadrant

ower outer

quadrant

1
i 1
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Figure 1.2. The schematic of the breast quadrants.

1.3  Current ultrasound technologies for breast examination

Among the numerous imaging modalities are mammography, ultrasound, and MRI.
Mammographic screening has been empirically demonstrated to reduce mortality through early
detection [82, 83]. Notwithstanding this, mammographic sensitivity in dense breasts may be
significantly diminished, falling below 50% [84]. Consequently, and in light of the confirmation
that breast density is an autonomous risk factor for breast cancer, there is an increasing need for
an additional instrument. As a diagnostic adjunct to mammographic imaging, ultrasound is
frequently employed when the latter remains the gold standard for breast cancer. In cases where
an abnormality is identified through a physical examination or a mammogram, the most effective
method to distinguish between fluid-filled and rigid irregularities (e.g., benign cyst or benign

fibroadenoma) is to conduct an ultrasound test [82]. Typically, a breast ultrasound is performed to
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determine whether a mammogram or tactile examination of the breast has detected a fluid-filled

cyst or a solid tumor.

Table 1.1. The summary of current breast image methods and commercially available

breast imaging products

Methods Schematic Company Working Patient’s Pressure  Frequenc
products principle posture on breast  yrange
\ \}v e Hologic Viera Scan at different  Apny 6-15
Handheld e Echonous areas by the Yes MHz
¢ Eagleview operator
- ' The ring array
Ring array o * Delphinus moves in the Prone No 5-10
g5 SoftVue vertical MHz
“——2  «LilyMedTech direction (water bath)
* GE Invenia Linear/curved Supi
e Siemens array scans long ~ SUpIne 6-15
Flat plate T Acuson horizontal Yes MHz
e CapeRay direction
Aceso
Linear array Prone
BhOWI * Hitachi rotates circular No 15\/}3)
= 0 water bat
shape ~ SOFIA 360 bath z
/ { A bulky probe
3D scan ’t \ inserts into a bra An No 5-10
e [sono Health holder and then Y MHz

rotates circularly

As an additional screening method, handheld ultrasonography (HHUS) is a viable option due

to its affordability and widespread availability. HHUS was investigated in multiple studies as a

potential screening method for women with dense breast tissue [85]. However, there are some

limitations to HHUS screening, including a high incidence of false positives (FP) and a substantial

time investment on the part of the physician for exam execution and interpretation [86]. As a

consequence of these limitations, years have been devoted to technological research in an effort to
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develop ultrasound instruments that can standardize and streamline examinations in the United
States. The objective of developing automated breast ultrasound (ABUS), which differs depending
on the manufacturer, was to eliminate the operator-dependent nature of HHUS and increase the
examination's reproducibility. ABUS is a technological innovation that facilitates the visualization
of breast tissue in three dimensions via ultrasound. It offers the additional advantages of
multiplanar reformations and the ability to review images retrospectively subsequent to the
examination [87].

In conclusion, the human breast poses a unique challenge in terms of deep tissue imaging over
a large area, due to the fact that its geometry and deformability vary considerably not only between
subjects but also over time and age within a single subject. Ultrasound therefore assumes a critical
position in the diagnosis and treatment of breast cancer due to its capability of extracting
meaningful images from diverse presentations of breast tissue [88, 89]. Present ultrasound breast
imaging technologies, HHUS and ABUS, are preferred methods (Table 1.1). However, there are
still technical challenges that must be addressed before ultrasound can be considered a dependable
option for breast screening. These challenges include the following: (i) HHUS manual scanning of
the entire breast through strong compression requires the technician to possess the necessary
expertise and training; and (ii) ABUS can scan the entire breast simultaneously; however,
inadequate skin contact persists due to the use of a liquid medium. Addressing these deficiencies
could not only facilitate physicians in evaluating breast imaging with greater dependability, but
also offer an approach to early detection of breast anomalies that is accessible, economical, and
easy to use. Clearly, a conformable patch that demonstrates improved acoustic properties,
dependable imaging capability, and seamless operation while capturing a complete image of the

typical four quadrants of the breast is extremely favorable in terms of both transducer performance
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(e.g., superior material properties) and breast imaging (e.g., repeatability of array position, absence

of applied compression, etc.).

1.4 Objective and outline of this thesis work

1.4.1 Objective and Achievement

In this work [60], collaborating with others students, researchers and doctors, I worked with
team members developed a conformable ultrasound breast patch (cUSBr-Patch) that circumvents
the limitations of conventional ultrasound imaging technologies. It is comprised of a one-
dimensional (1D) phased array and an intuitively operable patch design inspired by nature. This
patch enables deep tissue scanning over a wide area and permits repeatable breast imaging from
multiple angles. A 1D phased array transducer was constructed me, comprising 64 elements,
operating at a frequency of 7.0 MHz. The 1D array demonstrates encouraging acoustic
characteristics, including 1) an imaging depth of no less than 80 mm, ii) a contrast sensitivity of 3
dB, iii) axial and lateral resolutions of 0.25 and 1.0 mm, respectively, at a depth of 30 mm, and iv)
a field of view that surpasses that of the commercial handheld linear probe at depths of 30 mm or
more. These results suggest that the 1D array has the potential to reliably detect breast tumors in
their early stages. In addition to this, extensive in vitro experimental investigations demonstrate
that the cUSBr-Patch is capable of delivering precise and consistent imaging across various
phantoms. By incorporating 360-degree rotation capabilities at each position and a scanning trace
to physically guide transducer positioning into a honeycomb patch inspired by nature, the 1D array
is capable of covering the entire breast surface and reconstructing multi-angle images from various
views. As a result, imaging artifacts caused by inadequate positioning capabilities, which are

fundamental issues that plague current ultrasound technologies for whole-breast or large-area
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screening, are eliminated. This study introduces a groundbreaking on-body ultrasound technique
for imaging and screening breast tissue. It also provides an innovative, non-invasive method for

monitoring the dynamic changes that occur in breast tissue.

Study on novel Strategy to breast
crystals imaging
Fabrication of Design on the
phased arrays cUSBr-Patch
Imaging on
phantoms

v

. Validation )
Clinical study <+«—» Commercial probe
A
[ |
Multiple Multi-angle Imaging
locations images reliability

Figure 1.3 The research flow of this study.

The research flow shown in Figure 1.3 illustrates the novelty and structure of this work. The
PI (Prof. Canan Dagdeviren) designed the research direction and directed all technical research
activities. Dr. Dabin Lin from Xi’an Technological University processed and characterized the
piezoelectric crystals, and then provided the crystal for device fabrication. Under the supervision
of Dr. Lin Zhang, I designed, fabricated, and characterized the 1D phased array. Emma Suh and
Avani Ahuja designed and fabricated the patch with my assistant. I worked with Colin Marcus and
Dr. Lin Zhang and conducted the imaging on phantoms. Colin Marcus operated the Vantage 256
system and conducted all image processing. Lara Ozkan helped me with the imaging scripts and
Institutional Review Board (IRB) documents. I worked with the PI to execute the in vivo study for

breast tissue imaging.
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1.4.2 Outline of my thesis

In this thesis, I will first give the background of piezoelectric ultrasound transducer, then
mainly focus on the design, fabrication, and performance of the 1D array, imaging on phantoms,
and the clinical study. Additional accomplishments and research details, including the honeycomb
patch design and fabrication, processing and characterization of the single crystal, image

acquisition, and illustration, are detailed in our most recent publication in Science Advances [60].

Chapter 2 briefly introduces the background of piezoelectrics, piezoelectric materials, and the
fundamentals of ultrasonic transducers. I will mainly focus on the critical parameters of

piezoelectric materials and design structures of transducers.

Chapter 3 illustrates how to design, fabricate, and characterize a single crystal based 1D
phased array transducer. In this chapter, I will show the simulation of the electrical and acoustic
properties of the manufactured transducer using KLM (Krimholtz, Leedom, and Matthaei) models,
and will also address the essential criteria that must be met when designing matching and
supporting layers for specific single crystal and related working frequency. The detailed
methodologies of micromachining and microfabrication are shown step by step. In addition, the
characterization of transducers, the determination of working frequency and bandwidth, and the

acoustic performance of the phantoms are also described.

Chapter 4 mainly focuses on the procedure of the clinical study and the ultrasound imaging
on the breast tissue. We first imaged the subject’s breasts using the cUSBr-Patch with the Vantage
256 system and then cross-validated the results by an ML6-15 linear probe with the GE Logiq E10

system. The imaging performance stability and multiangle image reconstruction are also illustrated.

Chapter 5 summarizes the results of this work and discusses future research suggestions.
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Chapter 2 Fundamentals of ultrasound transducer

2.1. Piezoelectrics and materials

2.1.1. Piezoelectricity

Piezoelectricity is a unique property of certain non-centrally symmetric crystalline
materials[90]. The piezoelectric effect is a reversible phenomenon that manifests in two ways:
firstly, when mechanical stress is applied, it induces electric polarization; and secondly, when an
electric field is applied, it induces mechanical strain. These two effects are crucial for numerous
electronic devices, such as transducers, actuators, and sensors (Figure 2.1) [47, 91-94]. The
piezoelectric coefficient for each material has its own value with respect to its crystal orientation
[90]. Polarization of a suitable material through the application of an adequate electric field is
necessary to induce piezoelectric properties. It is common practice to subscribe or describe
piezoelectric properties with two numbers. The initial subscript denotes the direction in which the
applied electric field or generated charge is oriented. The direction denoting the strain or
mechanical tension is specified by the second subscript.

While piezoelectric materials can exhibit a diverse array of properties and piezoelectric
coefficients, their selection is contingent upon the desired mode of vibration. In the context of a
vibrational mode, the role of thickness is of considerable importance. In situations where thickness
or out-of-plane vibration monitoring are necessary, a piezoelectric element characterized by a

greater ds3 property is selected.
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Figure 2.1 The working principle of piezoelectrics for ultrasound. A) Ultrasonic generation
based on the converse piezoelectric effect. B) Ultrasonic receiving based on direct piezoelectric
effect.

2.1.2. Critical parameters of piezoelectric materials

Numerous parameters must be established within the domain of materials science to
characterize the attributes of piezoelectric materials. When formulating an ultrasonic transducer,
the four material properties that hold the utmost significance are dielectric, piezoelectric,
electromechanical, and acoustic characteristics, including the piezoelectric coefficient (d33),
dielectric permittivity (&), electromechanical coupling coefficient (k), and acoustic impedance (Z).
Furthermore, considerable attention has been devoted to the application of piezoelectric
composites on account of their improved electromechanical coupling, which can facilitate energy
transmission and assist in the expansion of bandwidths, thereby substantially enhancing the signal-
to-noise ratio (SNR). The electrical impedance of ultrasound transducers is subject to variation

due to changes in dielectric permittivity, which are influenced by temperature and electric field.

The electrical port associated with an ultrasonic transducer is a capacitor structure, which is
the dielectric between two parallel electrodes, due to the fact that the piezoelectric material is a
capacitor [95, 96] A dielectric is an electrical insulator that can respond to external electric

stimulation.[97] When an AC electric field is applied to the dielectric material, the dielectric
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permittivity (¢7) shows a complex form [98]. The dielectric loss (tand) is the phase difference
between D and E. It represents the transformation of a fraction of the electric energy into thermal
energy in the presence of an external electric field. Ascertaining the clamped capacitance of an
ultrasonic transducer requires knowledge of the area, thickness, and clamped dielectric permittivity
of the piezoelectric material. Furthermore, dielectric permittivity is an essential parameter for
matching the transducer's electrical impedance with that of the driving electronics. In order to
optimize power transfer, it is imperative that the input electrical impedance of the ultrasonic
transducer is tangible at the desired frequency, and that its input resistance is equivalent to the

electrical impedance of the source, which is generally set at 50 Q in termination.

An essential parameter for determining the capacity of piezoelectric materials to convert
energy between electrical and mechanical forms is the electromechanical coupling factor. It is not
a constant material property; rather, it is contingent on the material's geometry. For instance, a
material's & coefficient is higher in a rod shape than it is in a plate form [90]. When designing a
transducer, a high &k value is favored due to its ability to enhance energy conversion, expand
bandwidth, and improve sensitivity. An estimation of the coupling factor can be achieved by
utilizing the measured resonance and anti-resonance frequencies of a piezoelectric element,
contingent upon the vibration mode in which the element is excited. The internal speed of sound
of a substance governs both its resonant frequency and acoustic impedance; this is an intrinsic
property of the substance. As stated previously, impedance matching between the transducer and
the medium of propagation is critical for optimizing the performance of the transducer. Along with
other critical parameters and equations of piezoelectric materials, the most prevalent coupling
variables for vibration in a circular disk along the radial and thickness axes are typically denoted

as k33 or kp and k. These variables are described and summarized in Table 2.1. Further optimization
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of the transducer's performance can be achieved by modifying the configuration of the
piezoelectric element and selecting the appropriate piezoelectric material for a given transducer
[47]. Generally, a compromise on other characteristics is required due to the fact that the majority

of applications require a combination of qualities [99].
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Table 2.1 Critical parameters and equations of piezoelectric materials

Properties Symbol Name Equation Notes
§E Compliance under a
constant electrical field [S ] _ [sE d] [T] Direct/converse piezoelectric
o Dielectric permittivity D d eTlLE effect
under a constant stress
P1ezoel§ctrlc d: Piezoelectric coefficient  d.. = k.. - </sE - T ds3 can be directly measured by
properties ’ Uy the ds; meter.
piezoelectric voltage — .. /6T
.o . P = . g -
&l coefficient 9ij i/
Hydrostatic piezoelectric
) d,=d d d -
dh charge coefficient n = day t+ds; + dag
. . . A . . .
&ij, &, Dielectric permittivity Dij =g E;, C= % D is the electrical displacement
n *
] ) tand Dielectric loss tans == er =S =gl —jer -
Dielectric . & , Transducer's inout Z must |
. — 1 ransducer's input Z must equa
roperties =
prop VA Electrical impedance JoC - jzrae the source's Z.
. A large coercive field is critical
E fiel - :
‘ Coercive field for high-power transducers
k Electromechanical k2 — converted mechanical energy — converted electric energy
coefficient input electric energy input mechanical energy
electromechanical 112 - f# L
kp line fact k% = —@ Thin disk-shape samples
coupling factors p . 1 .
electromechanical U ys L
Electro- ki coupline factors k# = E_r cot (E—r Thin disk-shape samples
mechanical 1 phng hanical nf ? nf ?
properties k ¢ ectrgmec anica k2, = == cot (== Longitudinal mode
33 line fact 33 g
coupling factors 2 fa 2 fa
electromechanical k
ks counling f = Tlacot Eloy Transverse mode
pling factors k3:-1 2 f, 2 fr
0 Mechanical quality 0, = f_r Af'is at -3 dB of the maximum
" factor ™ Af admittance.
. longitudinal acoustic v 2f, -t t is controlling dimension of the
Acoustic 3 velocity 33 7 %a piezoelectric element (thickness)
properties Zy Acoustic impedance Zy =p V33 p is the density of the sample
is the anti-resonance
N Frequency constant N=f-t Ja
frequency.
C is the Curie-Weiss constant. A
Temperature T Curie temperature . C greater 7. can guarantee
¢ T-T¢ transducer a wider temperature

operating range.

2.1.3. Lead based piezoelectric ceramics and single crystals

Piezoelectric lead zirconate titanate [Pb(Zri—«Tix)Os3] ceramics, specifically PZT, are

commonly employed as the active components in ultrasound probes due to their cost-effectiveness

and reliable piezoelectric properties. These ceramics exhibit well-developed and stable
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characteristics (d33 < 700 pC/N, k33 < 0.7), particularly when their compositions are close to the
morphotropic phase boundary (MPB) [100]. The majority of conformable ultrasound devices use
commercial PZT [43, 44, 56, 62, 101-106]. MPB compositions exhibit unusually high dielectric
and piezoelectric properties due to their increased polarizability resulting from the interaction
between two equivalent energy states, specifically the tetragonal and rhombohedral phases [107].
This enables the optimal domain reorientation during the poling process. Researchers not only
studied PZT, but also explored a diverse range of piezoelectric compositions in order to make
additional modifications using acceptor and donor dopants [108]. Several complex lead-based
relaxor materials Pb(B'B”)0; and Pb(B'B”)0; — PbTiO; ( B’ = Mg?*,Zn?*,In3*, Ni?* -
,B"” = Nb°*, Ta®",Wé* ---) have been intensively studied,[109] among them, PMN-PT and
PbMg13Nb2303-PbTiO3 (PMN-PT), PbZn13Nb2303-PbTiO3 (PZN-PT) and xPb(Ini2Nbi2)Os—
yPb(Mgi13Nb23)O3—zPbTiO; materials are most attractive ceramics due to their exceptional
piezoelectric performance [110]. Furthermore, traditional piezoceramics, characterized by grain
sizes ranging from 5 to 10 micrometers, are not optimal for high frequency transducer applications
due to the active components' dimensions potentially reaching tens of micrometers. PMN-PT
ceramics, known for their high clamped dielectric permittivity, are currently being produced in
tiny grain forms. This is crucial for the high frequency transducer and dicing operations [111] In
addition, Zhang's and Li's research teams effectively tackled the persistent obstacle of synthesizing
novel piezoelectric ceramics by incorporating dopants into the localized structural heterogeneity
of a particular ferroelectric system. As a result, they achieved unprecedented levels of dielectric
and piezoelectric properties in the newly developed ceramics [112, 113]. After that, rare-earth (RE)
single doped or co-doped element (RE = La**, Sm*", Pr**, Yb**, Eu’") doped or co-doped PMN-

PT and PZN-PT ceramics have attracted the interest of researchers due to their ultrahigh @33 and
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k3. Very recently, RE-doped PMN-PT and RE-doped PIN-PMN-PT based transducers have been
developed for piezoelectric transducer design [114, 115], which achieved enhanced acoustic

performance for imaging.

In recent years, single crystal relaxors have gained interest due to their advantages over PZT
systems [116, 117], such as simpler crystal formation around MPB compositions and superior
piezoelectric and electromechanical capabilities achieved through domain engineering [90, 118,
119]. For example, due to improved polarizability brought on by the connection between two
equivalent energy levels, PMN-PT single crystals possess very good piezoelectric characteristics
(k33 > 85% and dsz3 =1,200 ~ 2,500 pC/N). Moreover, the utilization of domain engineering
techniques, which include the modification and alignment of crystal domains in directions different
from the spontaneous polarization direction of single crystals, has greatly contributed to improving
their electrical properties [90]. Studies have demonstrated that PMN-PT single crystal transducers
outperform PZT transducers in terms of acoustic performance in both large transducers with single
elements and phased arrays. These advantages include wider bandwidth, shorter pulse length, and
enhanced axial and lateral resolutions [47, 120, 121]. However, the Curie temperature 7. (~150
°C) and rhombohedral to tetragonal phase transition temperature 7. (70-90 °C) are quite low for
PMN-PT solid solutions [118]. It is widely acknowledged that thermal stability and outstanding
electromechanical performance cannot be achieved simultaneously. Therefore, it is essential to
discover alternative solutions to the limitations of piezoelectric materials [90, 108]. Furthermore,
in many electromechanical applications, particularly those that involve powerful transducers and
actuators operating in high magnetic fields, the combination of a robust piezoelectric response and
a significant coercive field (Ec) enables improved operational efficiency and a broad range of

functional capabilities. Hence, the quest for innovative relaxor-PT systems that meet the following
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characteristics presents an urgent undertaking: 1) high critical temperature and transition
temperature, ii) high piezoelectric coefficient, or iii) large coercive field [122-125]. Researchers
have discovered that PIN-PMN-PT single crystals, which are close to the MPB composition,
exhibit a high 7¢ of 200 °C and demonstrate piezoelectric performance that is similar to that of
PMN-PT single crystals. Ternary single crystals have become increasingly popular for ultrasound
transducer applications. The addition of rare earth elements as dopants can boost both thermal

stability and piezoelectric properties, similar to ceramics.

2.2. Ultrasound transducers

2.2.1. Structure and parameters of transducers

Three-port network. The central element of the ultrasound system is the ultrasound transducer.
The efficacy of the ultrasound transducer is primarily dictated by its design. While the design of a
transducer may vary significantly to accommodate different requirements, the fundamental
components remain the same. Medical ultrasound diagnostics utilizes two main types of ultrasonic
transducers: single-element and array transducers, which encompass linear array and phased array.
Images are produced by single-element transducers using mechanical scanning. On the other hand,
clinical ultrasound imaging systems tend to choose array transducers that employ electronic
scanning due to their multitude of advantages. These include the capacity to capture images at a
high frame rate, the capability to dynamically focus, the ability to quantify flow in real-time, and
the simplicity they offer in a clinical setting. An ultrasound transducer is generally considered as
a three-port network (Figure 2.2 A), consisting of two acoustic ports located on the front (matching
layer) and back (backing layer) sides of the piezoelectric material, and one electrical port that is

connected to the driving/receiving circuits [47]. The primary structural components, arranged from
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bottom to top, include the backing layer, active layer, matching layer, and optional focusing lens.
To ensure electrical shielding and safety, the transducer is enclosed in grounded housing.

Matching layer. Piezoelectric materials possess an acoustic impedance of 30 MRayl, which is
significantly more than the acoustic impedance of biological tissues (1.5 MRayl). Ultrasound
waves are reflected at the interface due to the mismatch in acoustic impedance, resulting in their
inability to efficiently propagate over the interface. Hence, the inclusion of an acoustic matching
layer is crucial as it enhances the sensitivity, bandwidth, and energy transfer efficiency of the
transducer. To achieve optimal matching performance, the design of the matching layer
necessitates precise control over both the acoustic impedance and thickness. The acoustic
impedance of the matching material is adjusted by combining high impedance particles (such as
metal particles or metal oxide particles) with low impedance polymer (such as Epoxy) in a specific
proportion [47].

Backing layer. When an electrical source stimulates a transducer, it vibrates at its inherent
resonance frequency. In continuous-wave applications, the transducers are air-backed to optimize
the forward radiation of energy. As a result of the difference in acoustic impedance between air
and piezoelectric material, sound energy is reflected in the forward direction at this boundary [126].
Consequently, an insignificant quantity of energy is dissipated via the back port. This discrepancy,
which produces the aforementioned ringing effect in pulse-echo applications, is highly undesired
since it leads to an increase in the duration of the pulse. In order to minimize the occurrence of
ringing or increase the range of frequencies, it is possible to use absorbent backing materials that
have similar acoustic impedances to the piezoelectric material. The purpose of the backing material
is to minimize the discrepancy in acoustic impedance and also to attenuate a portion of the energy

generated by the vibration of the rear face. The energy that enters it is fully absorbed. It is important
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to note that in order to suppress ringing or reduce pulse duration, sensitivity must be compromised
due to the absorption of a considerable amount of energy by the supporting material [127]. As a
result, sensitivity and pulse duration are usually traded off to increase a transducer's sensitivity by
altering the backing layer impedance. Tungsten-loaded epoxy and Esolder 3022 are quite popular

for backing material, and the impedance can range from 8 to 20 MRayl [46, 47, 128].
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Figure 2.2 The basic information of ultrasound transducers. A) Schematic of ultrasound
transducers in three port model. B) Schematic of active elements for single transducers, including
single material and composites (i.e., 2-2 connection and 1-3 connection). C) Schematic of array
transducers, including 1D array, 2D array, 2D array with RCA, annular array, and circular array.

Acoustic lens. Acoustic lenses have extensive applications in focused ultrasonic transducers.
They serve two main purposes: 1) controlling the acoustic field by focusing the ultrasound beam
and generating high acoustic intensity at the focal point, and ii) safeguarding the matching layer
as the lens comes into direct contact with the target in medical transducers [129]. Acoustic field
regulation technology, based on piezoelectric ultrasonic transducers, can be bifurcated into active

and passive control strategies. Passive control encompasses techniques such as solid curved lenses,
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acoustic Fresnel lenses, acoustic projectors, liquid acoustic lenses, acoustic metasurfaces, photonic
crystals, and acoustic holography [130-133]. Conversely, active control primarily involves
techniques like piezoelectric arrays, piezoelectric metamaterials, and coded piezoelectric
metasurfaces.[134] For example, the unique advantages of liquid acoustic lenses [133, 135], and
acoustic projectors [136], are their capacity to dynamically modulate the focused acoustic field
distribution by altering the volume of injected liquid and the angle of the reflective mirror. The
novel acoustic hole-hologram, ensures optimal acoustic beam focusing while providing the
transducer with high sensitivity [137]. Coded piezoelectric metasurfaces [138] with their dual
function of sound wave generation and modulation, showcase their potential as innovative

disruptors in the field of high-frequency acoustic field control.

Critical parameters. Table 2.1 covers most of the material-related parameters because they
are crucial to the transducer due to the presence of the piezoelectric element. Table 2.2
predominantly includes data relating to transducers, such as fundamental ultrasonic concepts,
transducer design, transducer evaluation, and specific resolution and Doppler parameters. The
correlation between ultrasonic velocity and wavelength forms the basis of transducer design. In
order to achieve a complete transmission of 100% from the transducer to the object, various
equations that describe acoustic impedance and the thickness of the matching layer are commonly
used for calculation purposes. The three primary criteria for assessing the acoustic performance of
the transducer are the -6 dB bandwidth, insertion loss (sensitivity), and peak-to-peak voltage. The
resolution of an ultrasound imaging system is heavily influenced by the design of its transducer
parts, as it requires a balance between bandwidth and sensitivity. In order to produce high-quality
images with detailed resolution in both the axial and lateral directions, it is necessary for the

transducer elements to emit short acoustic pulses, and for the entire system to possess a high signal-
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to-noise ratio and sufficient focus. Ultrasonic transducer systems have advanced to utilize linear
and two-dimensional arrays, where an image is created by electronically scanning a beam. I am
addressing the problem of low resolution beyond the focus plane and the limited frequency range
in single-element transducer systems. Transducer performance is determined by the sound field,
beam diameter, and focal zone of the single element probe. The pulse excitation and transducer
parameters have an impact on the spatial resolution, temporal resolution, and contrast resolution

in ultrasonic imaging.

2.2.2. Single element transducers

Single element transducers are the most common type of transducer, especially for ultrasonic
imaging and diagnostic applications that require a high frequency. In the initial decades, most
ultrasonic systems employed single element transducers. Figure 2.2 B illustrate the common
configuration of a single element transducer, which includes a stack comprising one piezoelectric
element for converting energy, several matching layers to optimize energy transmission into the
loading medium, and one backing layer to offer sturdy support for the delicate piezoelectric
element and adjust the transducer's bandwidth and sensitivity. Typically, transducers that consist
of only one element can be categorized as either planar or focused, depending on their specific
applications [46, 47]. Focusing is utilized to enhance lateral resolution and performance in high-
resolution imaging applications due to the limitations imposed by the planar construction on lateral
resolution and sound intensity. A common method involves molding the piezoelectric element into
a desired shape or utilizing a lens to concentrate the transducers. The primary benefit of a single-
element ultrasonic transducer compared to an array ultrasound transducer is its reduced level of
geometrical intricacy. Consequently, the ultrasound transducer consisting of only one element has
been studied at ultrahigh frequencies (50-300 MHz).
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Considering the configuration of the active layer, planar single-element transducers are
commonly employed in applications requiring miniature transducers or needle transducers, such
as intraoral ultrasonography [139, 140] and intravascular ultrasound (IVUS) imaging using high
working frequencies (20 MHz to over 60 MHz) [141]. Intravascular ultrasound utilizes a high
frequency and small aperture to accommodate the limited space surrounding the gingival area. In
contrast, IVUS imaging employs side-looking single-element ultrasound transducers that are
mechanically rotated by a motor within the vessel to generate a comprehensive 360-degree cross-
sectional image [142]. The focused transducer configuration can improve lateral resolution and
performance in high-resolution imaging applications. In some work, the focused lenses were added
to achieve focused imaging without a destructive pressing effect on the piezoelectric element [143].
However, the lower sensitivity due to attenuative losses and the mechanical quality of the lens
limited its practical application [144]. Recent studies have utilized innovative piezoelectric
materials and composites to construct and evaluate planar single-element transducers. These
transducers are commonly used to assess the performance of new materials because to their
straightforward structure. It is worth noting that the reduced surface area of piezoelectric materials
leads to an increased electrical resistance during the production of needle transducers [115]. Hence,
the utilization of piezoelectric materials that possess significant clamped permittivity and
exceptional piezoelectric characteristics is beneficial to produce needle transducers that exhibit
superior performance. Extensive research has been conducted on a range of transducers consisting

of elements using various piezoelectric materials, such as ceramics, single crystals, and composites.

2.2.3. Array transducers

Array transducers consist of multiple elements. These elements can have a rectangular shape
and be organized in a straight line (known as a 1D linear array transducer) or have a square shape
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and be organized in rows and columns (known as a 2D array transducer). They can also be arranged
in a circular shape (known as a circular array), or have a ring shape and be arranged concentrically
(known as an annular array) [47]. Figure 2.2 C illustrates the schematic diagram of several array
transducers. Array transducers are favored over single-element transducers in clinical applications
because they offer clinical convenience, higher frame rates, and the capacity to dynamically focus
the beam. An array is operated by applying repetitive voltage pulses to groups of components. A
replica of the image produced by physically scanning a single transducer is generated by

electronically shifting the sound beam over the front side of the transducer.

Unlike a linear array with a pitch equivalent to one wavelength, a phased array has a pitch that
is less than half of that wavelength. A phased array is capable of steering beams with a reduced
angular separation without generating unwanted secondary lobes known as grating lobes.
Moreover, the array's comparatively smaller size is beneficial in situations where only a little
contact area is permitted. A linear phased array has an element spacing of half a wavelength (A/2)
and has the ability to direct the ultrasonic beam away from the axis of the array. On the other hand,
a linear array has an element separation of one wavelength in the tissue and concentrates the beam
along the axis of the array. A 2D array may direct and move a beam that is focused symmetrically
in order to generate a three-dimensional image across a volume. The element spacing in both
dimensions is either A or A/2. The development of 2D matrix transducer arrays has made it possible
to perform real-time volumetric imaging of entire organs on high-end ultrasound scanners,

enabling therapeutic applications [145].
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Table 2.2 Critical parameters and equations of ultrasound transducers [49]

Properties Symbol Name Equation Notes
vp 18 the acoustic velocity of the
Resonance frequency of the Up piezoelectric element, and » is an odd
f f=n
element ot integer with the lowest resonant
frequency of n =1
Wavelength of the v vy is j[he sound velocity in the loading
A A=— medium (1540 m/s for water or
transducer f tissue).
Basic Acoustic impedance of the _ 1/2 i i
parameters matching la}ll)er Zm = (Zle) S?ngle match%ng layer .
(Z, and Z, are the acoustic 7 ( 7 Z2)1 /3 Single matching layer for wideband
p 1 m = pZi .
Zm impedances of 1 signal.
piezoelectric material and Zmy = (Z323)7 Two matching layers: 1** (inner) and
the loading medium, B e\1/7 2" (outer)
respectively) Zmz = (Zle )
p The thickness of the A Am 1s the wavelength in the matching
" matching layer tm = 4 layer
£+ f The center frequency of the Fast
fe Center frequency f. = 2 "1 Fourier Transforms (FFT) spectrum at
2 -6 dB
f>and f; is the upper and lower
. f2—h frequency on the magnitude of the
BW Bandwidth BW = f- FFT of the echo at -6 dB value,
respectively.
Evaluation of i Effective electromechanical K2 — fé— 17 fa and f; is the anti-resonance and
transducers o coupling factor eff — "2 resonance frequency, respectively.
Vi :
IL Insertion loss IL = 20log (—0) Vo and ', are the echo voltage and
f excitation voltage, respectively.
The peak-to-peak amplitude of the
Vow Peak-to-peak voltage i output voltage signal
A
axial
Rexial Axial resolution (-6dB) c 2BW BW is the bandwidth
~2f.-BW
Rigterar = A" Fy he f. b h i0 of focal
Risieral Lateral resolution ¢ F.#t ¢ f-number (the r.atlo ot foca
Other alerd A Fy distance to aperture dimension)
performances PNP
M1 Mechanical index M.l.=—— PNP is the peak negative pressure
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Chapter 3 Design, Fabrication, and Characterization of the 1D Phased Array

3.1 Material selection and design of the 1D phased array
3.1.1. Parameters of the selected piezoelectric single crystal

Piezoelectric materials play a critical role in the performance of ultrasound transducers. In
previous studies, most conformable ultrasound transducers still used commercial lead zirconate
titanate (PZT) ceramics [43, 44, 58, 62, 71, 146-148]. In pursuit of enhanced material properties,
single crystals with morphotropic phase boundary (MPB) compositions, i.e., Pb(Mg13Nb2/3)Os-
PbTiO; (PMN-PT), have been extensively investigated due to their high electromechanical
coupling factors ( k33 > 85%) and piezoelectric coefficients (d33 = 1,200~2,500 pC/N) [90]. These
values are far superior to those of commercial piezoelectric ceramics, such as PZT(d33 <600 pC/N,
k33 <75%), making those materials promising candidates for ultrasonic transducers, actuators, and
energy-harvesting devices [47, 93]. It has been demonstrated in bulky transducers with single
elements or phased arrays, that PMN-PT single crystal based transducers exhibited enhanced
acoustic performance than PZT-based transducers, including larger bandwidth, shorter pulse length,
and higher axial and lateral resolution [47, 120, 121]. However, the Curie temperature 7¢ (~150
°C) and rhombohedral to tetragonal phase transition temperature 7 (70-90 °C) are quite low for
PMN-PT solid solutions, which restricts their temperature usage range [90, 108]. Thus, searching
for new relaxor-PT systems with 1) high 7¢ and Tv, ii) high piezoelectric coefficients (d33) are
highly desired. In recent years, researchers have begun to shift their focus to crystals doped with
rare-earth elements to combat this tradeoff and achieve both high 7:./7c and d33 [122-124]. For
example, Sm*" doped PMN-PT crystals exhibited ultrahigh d33 (4,100 pC/N) and dielectric
constant (12,000) [122], and Nd** doped PIN-PMN-PT also showed outstanding ds3 (3,240 pC/N)

and dielectric constant (9,246) [124]. However, both of them possessed lower 7w (~ 91 °C).
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Therefore, it is imperative that an investigation be performed to assess the piezoelectric properties

of the new ternary system with other doping elements in order to balance both criteria.

In this work, we used a new piezoelectric single crystal, Yb/Bi co-doped Pb(Ini2Nbi/2)O3-
Pb(Mgi13Nb23)O03-PbTiO3; (PIN-PMN-PT) system, which is provided by Prof. Dabin Lin from
Xi’an Technological University. As shown in Figure 3.1, compared to PZT, PMN-29PT and other
crystals (Table 3.1), the Yb/Bi-PIN-PMN-PT single crystal shows high dielectric permittivity
(7500), promising piezoelectric coefficient (2800 pC/N), larger E. (5.3 kV/cm), and higher T:
(109 °C), which make this single crystal suitable for high-voltage and high-frequency acoustic
applications such as high-performance medical transducer arrays. Detailed sample preparation and
characterization can be found in the article [60]. In the following work, specimens diced from the
Yb/Bi-PIN-PMN-PT single crystals were used for the ultrasound transducer fabrication.
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Figure 3.1 The Dielectric and piezoelectric properties of Yb/Bi-PIN-PMN-PT single crystal.
A) Radar chart comparing the overall performance of Yb/Bi-PIN-PMN-PT with published results
of the PMN-29PT single crystal. B) d33 versus T;.¢ for the Yb/Bi-PIN-PMN-PT crystals, with a
comparison to other reported rare-earth—-doped PMN-PT and PIN-PMN-PT crystals. The
detailed comparison with reported literature and references is listed in Table 3.1.
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Table 3.1 Dielectric and piezoelectric properties of Yb/Bi-PIN-PMN-PT single crystal and

other published relaxor ferroelectric single crystals and PZT-5H ceramics

Single crystals dy3 [pC/N]  e33/e0 Tc[°C] T [°C]  Ec[kV/cm] Ref.
PMN-29PT 1881 6140 130 92 24 [149]
PIN-PMN-32PT 1497 4372 172 111 4.4 [150]
PIN-PMN-PT 1285 4753 155 110 4.5 [151]
Sm-PMN-30PT 3600 12300 115 61 2.6 [122]
Nd-PMN-32PT 3090 12526 138 87 2.1 [123]
Er-PMN-34PT 2410 6200 80 80 2.0 [152]
Nd-PIN-PMN-PT 3240 9246 164 91 33 [124]
PZT-5H ceramics 650 3800 250 - 8.0 [153]
Yb/Bi-PIN-PMN-PT 2800 7000 160 109 53 This work

3.1.2. Design of the 1D phased array

The 1D phased array was designed on a standard transducer three-port network [47], which
includes the active piezoelectric element, backing layer, and two matching layers, depicting the
geometry of the 1D phased array with its main components (Fig. 2.2A). According to the literature,
the recommended transducer frequency for imaging breast tumors ranges from 5 to 12 MHz (Table
1.1). For breast scanning and imaging purposes, a 1D phased array with 64 elements a working
frequency of 7.0 MHz, and the wavelength (1) of 220 um were chosen to strike a balance between
the demands for depth and spatial resolution (Fig. 3.2). The pitch value of 125 um (0.561), slightly
above the phased array requirement of 0.5A, to achieve wide-angle imaging and reduce grating

lobes [154-156].
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Figure 3.2 The schematic of the 1D array with key components.

According to a mode-coupling theory [157], a piezoelectric pillar's width-to-thickness aspect
ratio must be lower than 0.5 to guarantee that each ceramic rod's vibration is primarily in the
thickness direction and that the piezoelectric coupling factor can be used to calculate the efficiency
of the device (Eq. 3-1). The longitudinal acoustic velocity and the acoustic impedance are

calculated by the following equations:

V33 = 2fy X t (3-1)

Z33=p XV (3-2)
where v35 is the longitudinal acoustic velocity, Z35 is the acoustic impedance, ¢ is the thickness
and p is the density of the sample. The measured dielectric, piezoelectric, and acoustic properties

of the crystal are summarized in Table 3.2.
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Table 3.2. Full matrix of material properties of the Yb/Bi-PIN-PMN-PT crystal

Elastic compliance constants s;j: 102 m*N

Materials sut s12F szt st s se®  si® s s sk sa® se®
Single crystal 86.1 -22.5 -61.5 130 158 153 541 -545 -8.6 195 14.6 153
Elastic stiffness constants c;j. 10! N/m?

Materials ciiF ci® cist et e ™ en® e es®  en® c® ced®
Single crystal 9.7 8.8 8.7 8.9 6.3 6.5 9.9 9.0 7.6 132 6.8 6.5
Piezoelectric constants: dij (pC/N), e;j (C/m?), gij (10 Vm/N), A;; (10% V/m)

Materials dss” dsi dis 33 e3 ers g3 231 gis h33 hs1 his
Single crystal 2800 -1120 240 21.8 -434 10.7 46.8 -23.0 6.3 19.9 -540 44

Dielectric constants: &, Bij (10™%/&o)

Materials en’ &3t ens e put Bt puS Bss

Single crystal 3400 7000 2800 900 294 154 357 11.1
Electromechanical coupling constants: £ (%)

Materials k31 ka3 kis ki kp

Single crystal 61 92 27 61 -
Other parameters
T. (°C) loss  p(g/cm’) o 2 Nt (Hzm)  Z (MRayls)

Single crystal 160 0.01 8.1 - - 1800 29.2

In the transducer design for medical use, the acoustic impedance of human tissue (or water)

is approximately 1.5 MRayls, which is significantly less than the acoustic impedance of the

piezoelectric material [47]. Low bandwidth and sensitivity occur from a portion of the acoustic

energy being lost and not being transported forward as a result. To enable the transducer's acoustic

energy to travel through the body tissue smoothly and for the reflected acoustic waves (the

returning echo) to return to the transducer for detection, the matching layer or layers provide the

requisite acoustic impedance gradient. In this work, two matching layers were added for the array

transducer. The acoustic impedance Zm1 (inner), Zm2 (outer), and thicknesses #1, > of the matching

layers could be estimated using the Krimholtz—Leedom—Mattaei (KLM) model by the following

equations:

Zoy = (2223)"7

(3-3)
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Zoz = (2,28)" (3-4)

Am

b = 2t (3-5)
Am

b2 = Tz (3-6)

where Z, and Z; are the acoustic impedance of the piezoelectric material and load medium,
respectively. A7 and 4,2 are the wavelengths of the acoustic wave at a center frequency in the first
(inner) and second (outer) matching layers, respectively. For the Yb/Bi-PIN-PMN-PT transducer,
the calculated Zm1 and Zm> are 8.6 and 2.2 MRayls respectively according to the above formulas.
The thickness of each layer is 92 um and 98 um, respectively. The backing layer is used to prevent
the backward-emitted sound waves from echoing and ringing back into the transducer. To obtain
a larger transducer's bandwidth, the acoustic impedance of the backing layer was designed to be
6.5 MRayls by comprehensively considering both bandwidth and signal amplitude. The specific
design information of both array transducers was obtained by KLM simulation from PiezoCAD

software (Sonicconcepts, USA).

3.2 Fabrication of the 1D phased array

The 1D phased array was fabricated and assembled at both the Center for Nanoscale Systems
at Harvard University and the cleanroom facility (YellowBox) of the Media Lab at the
Massachusetts Institute of Technology. Three steps were involved in the fabrication: 1) the creation
of a 64-element 1D array, 2) electrode deposition and patterning followed by cable bonding, and

3) the creation of matching and backing layers.

42



Crystal g4
- elements

T Fi o

.llil

i

l

54 ele
i

Figure 3.3 Fabrication of 1D phased array. (A) Single crystal piece after diced 64 elements. (B)
Preparation of the conductive strip using Esolder 3022. (C) The Esolder was dried after 2 hours at
70 °C in the dam. (D) The polished sample exposed the diced elements. (E) The array with
conductive strip was diced from the dam. (F) The preparation of the matching layer using the
mixture of ZrO2 with Epoxy. (I) The optical microscopy image of the array’s cross-section,
including 1%'and 2™ matching layer (ML), piezoelectric elements, and backing layer (BL). (J) The
photo of the top electrodes on the array. (K) The zoom-in view of electrode traces on the array
elements. 1 mm (A, E, J, K), 1 cm (B, C, D, F, G, H), 0.1 mm (I).

3.2.1. Fabrication of 64-element array

The traditional dice-and-fill method was used to fabricate the 1D phased array. To achieve 65
dicing lines on the sample (Fig. 3.3A), a dicing machine (DISCO, Tokyo, Japan, Model DAD 321)
with a 15 pm-thick synthetic diamond blade (DISCO, Tokyo, Japan, Z09-SD3000-Y 1-60) was
utilized. To increase the crystal footprint and minimize damage from blade vibration, our research

lab generated the appropriate specifications for DISCO to custom manufacture the ultra-thin dicing

43



blade. The dicing pitch, kerf, and actual width of each element were 125 um, 30 um, and 95 pm,
respectively. To avoid any mechanical harm to the elements, the dicing speed was fixed at 0.25
mm/s. The dicing depth was roughly 350 um, which was greater than the final desired thickness
to allow for further polishing. The epoxy (EPO-TEK 301, Epoxy Technology Inc. USA) was used
to fill the kerf and eliminate the transverse vibration in the ceramic by vacuum degassing and was
cured at 65 °C for 2 hours. After lapping the top surface to expose ceramic elements, the conductive
epoxy strip (E-SOLDER 3022, Von Roll USA, Inc.) was added on both sides to connect the bottom
electrode to the top surface (Fig. 3.3B-C). Finally, the entire array was polished to the designed

thickness and encapsulated by epoxy again in a round mold (Fig. 3.3D-E).
3.2.2. Preparation of matching layers and backing layer

The final array was obtained by adding the matching layer and the backing layer. For the
matching layer preparation, the Zirconia oxide powder (5 pum, 99%, CAS-No.: 1314-23-4, Sigma-
Aldrich Inc.) was selected as the filler and the Epoxy (EPO-TEK 301, Epoxy Technology Inc.
USA) was used as the matrix. The ZrOz powder and epoxy solution were first mixed with a ratio
of 3:1 to obtain a homogenous mixture, poured into the mold, centrifuged at 2000 rpm for 10
minutes, and then cured at 65 °C for 2 hours in the oven (Fig. 3.3F). After polishing the 1
matching layer to the designed thickness, the epoxy solution was cast on the surface of the 1*
matching layer and polished to achieve the 2" matching layer (Fig. 3.3G). For backing layer
preparation, the Tungsten (W) powder (APS 1-5 micron, 99.9%, CAS No.: 7440-33-7, Alfa Aesar)
was selected as the filler, and the Epoxy (EPO-TEK 301, Epoxy Technology Inc. USA) was used
as the matrix. The W powder and epoxy solution were first mixed with a ratio of 4:1 to obtain a
homogenous mixture, which was poured into the mold, centrifuged at 2500 rpm for 10 minutes,

and then cured at 65 °C for 2 hours in the oven. The final backing layer was obtained by polishing
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the surface to the designed thickness (Fig. 3.3H). Finally, the matching and backing layers were
bonded onto the array by the epoxy solution. Firm pressure was applied to the bonding area, which

was then cured in the oven at 65 °C for 1 hour.
3.2.3. Electrode patterning

The chromium (Cr, 10 nm) and gold (Au, 300 nm) were deposited on the upper surface of the
array by e-beam evaporation (Denton electron beam deposition). A layer of photoresist (AZ 5214-
E IR, MicroChem Corp.) was spin-coated onto the electrode at a speed of 3,000 rpm for 60 seconds
and then baked at 65 °C for 10 minutes. Then the array was UV exposed for 10 seconds under a
Mask Aligner (MIB4, SUSS MICROTEC SE, Germany), developed for 60 seconds in a developer
(MIF AZ 726, MicroChem Corp.), and then wet etched by Au and Cr etchant solution for 120
seconds and 20 seconds, respectively. After stripping with acetone, IPA, and deionized (DI) water,
the final electrode pattern on the top surface is completed, including 64 traces of electrodes and
two wide traces on strips of E-Solder 3022 (Fig. 3.3J-K). Finally, the chromium (Cr, 10 nm) and
gold (Au, 300 nm) layers were deposited on the bottom surface of the array by e-beam evaporation

again. The bottom electrode fully covered all elements and strips of E-solder 3022.
3.2.4. Electrode bonding and device packaging

The cross-sectional view reveals of the device that the epoxy solution under high-temperature
pressure has firmly bonded all of the components, giving them a consistent thickness (Fig. 3.31).
The ACF cable was bonded to the array and the printed circuit board (PCB) interface under a
microscope. To avid the electric short circuit, the exposed areas were fully covered by the Kapton
tape. The bonding area was applied with strong pressure and cured in the oven at 65 °C for 1

hour. After bonding with matching layers, the backing layer, and the anisotropic conductive film
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(ACF) cable (Fig. 3.4), the thickness of the entire device is still less than 3 mm. The tracker was

bonded on the backing layer to hold the device.

A ACF cable Tracker

Matching
layer B

Backing
layer

Figure 3.4. Different views of the 1D phased array with the tracker and ACF cable. (A) The
view from the top side. The white area is the 1% matching layer, which is covered by the 2
transparent matching layer. (B) The view from the backside. The thick black piece is the backing
layer. (C) Side view of the device. The backing layer is under the top ACF cable. (D) The view of
the backside with the tracker. Scale bar, 1 cm (A-D).

33 Characterization and performance of the 1D phased array

3.3.1. Electrical performance of the elements

The electrical impedance of the diced elements and the fabricated array were measured in the
air at room temperature using an impedance analyzer (Agilent E4991A, Agilent Technologies,
Santa Clara, CA, USA). Two key parameters, resonance frequency (f;) and anti-resonance
frequency (fa), can be obtained from the impedance spectrum. The thickness electromechanical
coupling coefficient (k) and effective electromechanical coupling coefficient (kefr) are calculated

with the following formula:

fé-rt
keff = fg (3-7)
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Figure 3.5. The piezoelectric and acoustic performance of 1D phased array. (A) Electrical
impedance spectrum of a single element of the phased array. (B) The resonance frequency,
antiresonance frequency, and electromechanical coupling coefficient of 64 elements of the phased
array. (C) The two-way pulse-echo impulse response simulated the results of one element by the
KLM model (D) The measured waveform and frequency spectrum of the single element of the
phased array.

For acoustic testing to obtain the bandwidth, a pulser/receiver (JSR Ultrasonics DPR 300) was
used to individually excite single elements from the transducer with a voltage of 100 V, then
received by the element itself. A large disk of quartz was located in the water tank for reflection.
The relative position between the array and the quartz was adjusted to achieve the strongest signal.
The two-way echo response was captured by the element itself and displayed on an oscilloscope
(PicoScope 5444B), while the frequency domain was calculated by fast Fourier transform (FFT).

The center frequency f. and -6 dB bandwidth (BW%) were calculated by:
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fo =R (3-8)

2

BW% = % x 100% (3-9)

c

where the f; and f, are the frequency when the magnitude of the FFT of the echo at -6 dB value,

and f; is smaller than f,.

The frequency dependence of electric impedance and phase of a single element is shown in
Fig. 3.5A. The resonance and anti-resonance frequencies are 5.9 MHz and 8.1 MHz, respectively,
resulting in a large effective electromechanical coupling coefficient (ke = 0.68). The array also
showed a -6 dB bandwidth of 70% with the center frequency around 7.1 MHz (Fig 3.5C), which
is slightly smaller than the simulation results (79% in Fig 3.5D) by the Krimholtz—Leedom—
Mattaei (KLM) model due to the fabrication processing, flexible cable, or unmatched electric
circuit. In addition, the array's electrical impedance and acoustic performances were measured to
investigate the uniformity of array elements. The performance of all elements of the array is shown

in Fig. 3.5B.
3.3.2 Connections and beamforming information

To enable real-time imaging, a data acquisition interface connected the array to a Vantage 256
system (Verasonics, Inc.). The array was tested on two different phantoms to quantify their acoustic

performance and imaging capacity prior to conducting human clinical trials.

The data acquisition process was conducted utilizing the Vantage 256 ultrasound system,
which is equipped with a sufficient analog front-end for transmitting and receiving on a maximum
of 256 channels simultaneously. To establish a connection between the manufactured transducers

and the Vantage 256 system, a universal transducer adapter (UTA)-compatible adaptable connector
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was conceptualized and constructed. Fig 3.6 delineates the signal path and overall configuration
from the transducer to the system. To begin, a Philips ATL C5-2v ultrasound transducer probe,
which has the capacity to support a maximum of 128 individual elements, was dissected.
Following the process of detaching from the initial printed circuit board (PCB), a multimeter was
employed to verify the connection of each signal line to its corresponding port in the UTA. It is
noteworthy to mention that the arrangement of the UTA connector does not adhere to the physical
structure of a transducer in a sequential fashion. In accordance with the arrangement of the
components in the UTA connector, individual cables were soldered onto PCB II. The final design
for PCB II organized these cables into eight groups of sixteen lines, rerouted the signals to match
the UTA connector's expectations, and utilized sequential ordering at its inputs. To facilitate the
interchangeability of the transducer, ribbon cables connected PCB II to PCB I, which was
complementary to the transducer. Given that each transducer is composed of 64 elements, this

interface permits the parallel connection of two transducers.

A conventional focused beamforming method was utilized to perform real-time imaging. The
transmission delays were configured to sweep across a range of +45 degrees using 128 lines. The
imaging depth was configured to 60 mm, while the transmit focus was set at 50 mm. The
transmitted excitation consisted of a single-cycle sine wave with an amplitude of 50 volts and a
central frequency of 7.0 MHz. The image dynamic range was adjusted to 60 dB. The technique
employed was triangular apodization, which enhances spatial resolution significantly while also
minimizing sidelobes to a level of -27 dB. The time-gain control (TGC) was manually modified
to rise as the depth increased. This adjustment reduced the strength of signals near the array while
enhancing signals further away from the array, resulting in a more consistent level of brightness in

the image. In post-processing, a Python script was used to crop the video to show just the
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ultrasound image, then the image dynamic range was rescaled as desired. Generally, the dynamic

range was rescaled to 55 dB, since higher dynamic ranges begin to show the noise floor.

A \
PCB Interface

ST

Connector to UTA

ACF cable / !’

Figure 3.6. The 1D array and electrical connection for imaging. (A) Modified array-to-system
connection. (B) The array with cable and PCB interface. (C) The PCB interface with 64 traces and
ground electrode connections. Scale bar, 1 cm.

3.3.3. Imaging performance of 1D ultrasound arrays on phantoms

First, a planar ultrasound phantom with wire and cylinder targets (model 040GSE,
Computerized Imaging Reference Systems, Inc.) was utilized to demonstrate the field of view and
resolution (Fig. 3.7A-B). The 2D images on vertical and horizontal distance targets, axial and
lateral resolution targets, and hyperechoic/hypoechoic targets were obtained. The results
demonstrate that the phased array has a maximum field of view of up to 100 mm width and an
imaging depth of approximately 80 mm (Fig. 3.7C). For the resolution targets at 30 mm depth, the

array separated targets with gaps as small as 0.25 mm in the axial direction and 1.0 mm in the
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lateral direction, indicating a promising resolution for soft tissue imaging under skin around 30
mm (Fig. 3.9A-D). In addition, hyperechoic/hypoechoic targets can be used to determine the
minimum contrast sensitivity of the array. The images on different grayscale targets from +15 dB
to -9 dB are at the depth of 30 mm as shown in Fig. 3.8E. The results indicate that the 1D array
can clearly identify the lowest contrast targets with -3 dB and +3 dB in this phantom, which

demonstrates the sufficient contrast sensitivity (~ 3 dB) of this 1D array [146, 154].
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Figure 3.7. Real-time imaging on the ultrasound phantom (model 040GSE). (A) The
schematic of various targets in the phantom (from the website of the product). (B) The real-time
imaging on the 040GSE phantom. (C) The 2D image on vertical and horizontal distance targets to
show the field of view and maximum depth. Scale bar, 10 cm (B) and 1 cm (C).
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Figure 3.8. Imaging resolution analysis. (A) The ultrasound image of vertical distance targets
(red dashed area) and horizontal distance targets (blue dashed area). (B) Lateral and axial
resolutions of the 1D array at different depths. (C) Lateral and axial resolutions of the 1D array
with different lateral distances from the central axis. (D) The ultrasound image of axial/lateral
resolution targets at 30 mm. The zoom-in view green dashed area in (D) and the schematic of the
axial/lateral resolution targets indicate the separations between targets. (E) The ultrasound images
of the grayscale group at 3 cm depth with hyperechoic targets (+3 dB, +6 dB, and +15 dB) and
hypoechoic targets (-3 dB, -6 dB, and -9 dB). Scale bar, 1 cm (A, D) and 2 mm (E).

To further evaluate the imaging quality of the cUSBr-Patch on a curved surface, the oval
phantom (Model US-18, Kyoto Kagaku CO.LTD) was used (Fig. 3.9). Six individual images were
taken that depict a large sphere object, a tube object, a bean-shaped object, and a square pyramid
object, a cylinder object, and a cubic object in different depths and locations both clearly and
distinctly.
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Figure 3.9. Imaging on the oval phantom (Model US-18, Kyoto Kagaku CO.LTD). (A) The
photo of the oval phantom. (B) The schematic of the top view of the oval phantom and embedded
3D objects. Four squares indicate the location of the array. (C-F) 2D images on a large sphere
object, a tube object, a bean-shaped object, and a square pyramid, respectively. The white dashed

lines indicate the shape and location of each object. Scale bar, 1 cm.
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Chapter 4 Clinical Study on Breast Tissue Imaging

4.1 The clinical study on the subject
4.1.1. The nature-inspired patch for clinical study

The design and fabrication of the cUSBr-Patch were led by the team member Emma Suh.
Avani Ahuja, Lin Zhang, and I participated in the whole process from the idea proposal to the
fabrication of the final version. The aim of the design was to create a wearable interface that
connects a 1D array to breast tissue, ensuring the array is consistently positioned and oriented in

different areas of the breast (Fig. 4. 1A). The honeycomb patch design, which takes inspiration

from nature, consists mostly of three components (Fig. 4.1B): i) A soft textile bra to act as a
familiar intermediate layer, i1) a honeycomb patch as the outer layer to offer support and direction
for the 1D array, and iii) the tracker connected to the ultrasound array for managing and rotating
the array at a certain position. The rectangular magnets from LOVIMAG and the circular magnets
from Linlinzz are utilized to affix the patch onto the bra and secure the tracker onto the patch

apertures, respectively.

The Barely Zero fabric bra from NEIWAI is designed without any seams, providing
comprehensive coverage for a diverse range of breast sizes, from A to DD. The rectangular
magnets (Fig. 4.1B) were strategically positioned and fastened in the most advantageous locations
to ensure that the outer patch could securely adhere to the bra in the proper alignment. This feature
enabled the cable of the 1D array to have unrestricted movement while smoothly sliding between
the magnets. We created circular apertures in the bra that corresponded with the patch's openings,
allowing the array to make direct contact with the skin (Fig.4.1J). The patch's symmetrical

construction allows for the bra to be inverted, enabling the application of the ultrasound technique
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to the other breast. The patch, designed with a honeycomb pattern, includes open sections that
enable the tracker to move freely along a predetermined path (Fig. 4.1D), thereby maximizing its
field of vision. The patch was developed taking into account four primary factors: 1) user-
friendliness, ii) full range of motion (360° rotation at a specific place with consistent array
localization), iii) environmentally-friendly production, and iv) user comfort. Existing ultrasound
devices do not have the necessary accessibility and operational ease for all users. However, the
honeycomb patch offers a close and user-friendly interface that enhances the reliable functioning
of the ultrasound array. The honeycomb design, which takes inspiration from nature, was generated

using Autodesk Fusion 360.

Honeycomb structures are favored in medical devices due to their ability to reduce material
usage during manufacturing, enhance flexibility, effectively cover extensive skin areas, and
provide structural stability. These properties enable the patch to conform to the body and allow for
customized array scanning [158, 159]. The patch, which is 2 millimeters thick, consists of a white
thermoplastic polyurethane (TPU) layer and a gray polylactic acid (PLA) layer. This combination
allows the patch to contour to the body while maintaining a strong and solid structure (Fig. 4.1E).
There are six apertures in the patch that allow the tracker to rotate a full 360 degrees (Fig. 4.1G-
I). In addition, the tracker has the capability to move along a path consisting of a maximum of 15
hexagonal sections (Fig. 4.1D). This allows for a basic scanning process to accurately locate the
lesion, going beyond the usual four-quadrant identification (Fig. 4.1C-E). The collective range of
perspectives provided by each aperture adequately encompasses the pertinent regions of the breast,

facilitating a thorough collection of superimposed ultrasound images.
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Figure 4.1. The overview of the design of the cUSBr-Patch. (A) Schematic of a cUSBr-
Patch on the body. (B) Exploded view of the cUSBr-Patch to illustrate its four main
components: a soft fabric bra to serve as a familiar intermediary layer, a honeycomb patch as
the outside layer to provide structure and guidance of the 1D array, the tracker to hold and
rotate the 1D array, and the single crystal-based 1D phased array. (C) Schematic of breast
quadrants and the positions of circular regions that align with the patch openings and circular
holes in the bra. (D) Schematic of the honeycomb patch with six main openings (blue areas).
The red dashed line indicates the specific trace for the 1D array scanning. The light green areas
indicate an additional nine hexagonal sections for imaging. (E) Photo of the honeycomb patch
with the array and tracker. (F) Photo of the tracker. (G and I) Photos of the tracker rotating
clockwise from 0° to 120°, demonstrating its capability for a 360° rotation. (J) Photo of the
fabric bra with circular holes on a healthy human subject. Circular holes are designed to
specifically serve as openings for the array to have intimate integration with skin and align
with patch openings. (K) Photo of the patch attaching to the bra without mechanical
delamination. (L) Photo of an easy-to-operate scanning. Scale bars, 1 cm (E) to (I) and 2 cm
(J) to (L).
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The tracker is affixed to the 1D array to facilitate insertion into specified imaging spots and
has the ability to move unrestrictedly within the patch (Fig. 4.1D and F). The circular magnets
were affixed to their respective locations within the patch by inserting them into the circular press-
fit notches (Fig. 4.1E). The circular magnets contained in the patch determine six primary
positions for the tracker, each spaced 60 degrees apart (Fig. 4.1G-I). The openings in the patch are
strategically positioned to align with the round holes in the bra, allowing for the precise insertion
of the round magnets. The tracker has three prongs that are evenly spaced from each other. Each
prong has a circular pocket where a round magnet can be inserted. The integration of the array
with the tracker enables the tracker to remain consistently positioned between the skin and the
patch (Fig. 4.1K). The tracker is equipped with a handle on its top, which enables the user to firmly
hold and manipulate it (Fig. 4.1L). The detailed fabrication steps can be found in the Science

Advances article [60].

4.1.2. The preparation of IRB documentation

The operations performed on individuals having a history of breast anomalies were carried
out in compliance with the authorized experimental protocol by the Committee on the Use of
Humans as Experimental Subjects of the Massachusetts Institute of Technology (COUHES, No.
2011000271).

To be eligible for Group I (subject with the health condition of the breast), the subject must:

1) Be between 18-85 years old.

2) Not be pregnant.
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3)

4)

5)

6)

Not having significant health problems (such as chronic or acute cardiovascular diseases,
skin diseases) physical and/or behavioral health disabilities limiting your ability to follow
directions and complete research-related activities.

Be healthy (self-report), BMI between 17 and 40.

Be able to walk briskly at least one block without difficulty and not experience shortness
of breath at a normal walking pace rate (> 2 mph).

Be able to understand, communicate, give valid consent to the study, and be understood by

researchers.

To be eligible for Group II (subject with breast anomaly history), the subject must:

1)

2)

3)

4)

5)

6)

7)

Be between 18-85 years old.

Has the following unhealthy breast or related problems (such as breast pain, breast
tenderness, gynecomastia, tumors, cysts, fibroadenomas, fat necrosis, sclerosing adenosis,
generalized breast lumpiness, etc.)

Not be pregnant.

Not have other significant health problems (such as chronic or acute cardiovascular
diseases, skin diseases) physical and/or behavioral health disabilities limiting your ability
to follow directions and complete research-related activities.

Be healthy (self-report), BMI between 17 and 40.

Be able to walk briskly at least one block without difficulty and not experience shortness
of breath at a normal walking pace rate (> 2 mph).

Be able to understand, communicate, give valid consent to the study, and be understood by

researchers.
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The participants duly filled out the informed consent forms. The inclusion criteria
encompassed individuals who identified as female, aged between 18 and 85 years, and had a body
mass index ranging from 17 to 40 kg/m?. Participants were disqualified if they had notable health
conditions (such as chronic or acute cardiovascular diseases, or skin disorders) or physical and/or
behavioral limitations that hindered their ability to comply with instructions and carry out research-
related tasks. Subjects may have several breast-related ailments, including breast pain, breast
tenderness, tumors, cysts, fibroadenomas, fat necrosis, sclerosing adenosis, and widespread breast

lumpiness.
4.1.3. The procedure of clinical study

The clinical investigation took place at the MIT Center for Clinical and Translational
Research (CCTR) (Fig. 4.2A). The imaging procedure was conducted using the Vantage 256
system, initially with the cUSBr-Patch. Subsequently, it was validated using a clinical GE Logiq
E10 (GE Healthcare, Waukesha, WI) equipped with a linear probe (GE ML6-15). The acoustic
coupling was achieved using Scan 11-08 Ultrasound Gel from Parker Laboratories, Inc. This
investigation was supported by two clinical research nurse coordinators from the MIT CCTR and

one clinical applications specialist from GE Healthcare.

A participant, aged 71, with a BMI of 37 and a history of abnormal breast conditions, was
enrolled. The participant was instructed to lie flat on an examination table and arrange her garments
to allow ultrasonic scanning of her breasts. Initially, we employed a phased array to perform a
clockwise scan of the subject's breast, starting from the outer edge and moving toward the nipple.
Subsequently, we identified the lesion and conducted scans in three distinct orientations. Second,
the subject was asked to wear the designed bra and patch. Subsequently, we conducted a second
scan of the breast at six distinct sites in accordance with the patch design (Fig. 4-2B). In order to
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validate the imaging, the specialist employed the GE ML6-15 probe to scan the subject's breast in
a clockwise direction from the outside border to the nipple, after removing the bra and patch. This
scan successfully identified and determined the sites of the lesions. Ultimately, the ultrasonic gel

was removed from the subject's skin using a clean wiper.

Figure 4.2. The in vivo study on breast tissue. (A) The study room for the clinical trial at the
MIT CCTR, including the GE Logiq E10 system, the Vantage 256 system, and an examination
table. (B) The schematic of the breast with a cyst and the cUSBr-Patch with six openings for
imaging. (C) The photo of the cUSBr-Patch before the clinical study. (D-F) The photos of the
cUSBr-Patch on the left breast of the subject and the array at different positions. Scale bar, 10 cm
(A) and 2 cm (C-QG).
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4.2 Results and Discussion
4.2.1. The breast tissue imaging

The ultrasound images at different positions with initial 0° orientation to 60° and 120° were
collected via the Vantage 256 system. All B mode images are directly cropped from the video,

without any post-processing.

Position 1

Position 4 Position 6 —|

Position 2

Figure 4.3. The ultrasound breast images at Position 1 to 6 (A-F). Scale bar, 1 cm.

Fig. 4.3 B shows the patch on the left breast and the scan sequence from Position 1 to 6 along
the designed trace in the patch (Fig. 4.1D). Thanks to the reasonable maximum image depth and
axial/lateral resolution, we can clearly observe various breast tissue from different positions (Fig.

4.3). At Position 4, a cyst with a diameter of 1 cm can be detected, which appears as well
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circumscribed and hypoechoic due to the lower acoustic impedance than the surrounding tissues.
To better define the lesion shape, the array at Position 1-4 was rotated by manipulation of the

tracker from its initial 0° orientation to 60° and 120°, respectively (Fig. 4.4).

Position 1

Position 3

Figure 4.4. The imaging is under rotation and reconstruction at positions 1-3. (A, E, I) The
schematic of the array rotation by the tracker. Ultrasound images by the array when it is rotated
clockwise at different angles (0°, 60°, and 120°) at (B-D) Position 1, (F-H) Position 2, (J-L)
Position 3.
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Fig. 4.5. The imaging under rotation and reconstruction at positions 4-6. (M, Q, U) The
schematic of the array rotation by the tracker. Ultrasound images by the array when it is rotated
clockwise at different angles (0°, 60°, and 120°) at (N-P) Position 1, (R-T) Position 2, (V-U)
Position 3.

The cyst is identified as a roughly spherical shape via all three ultrasound images at various
angles. The multi-angle reconstructed images and video based on the rotation images are shown
in Fig. 4.6. We also used the same scanning sequence to examine the right breast of the subject
(Fig. 4.7). A smaller cyst with a diameter of 0.3 cm was detected by the cUSBr-Patch in the right
breast. Furthermore, after the cross-validation, we used the patch to check the imaging

performance stability over time. The array can still detect the large cyst at Position 4 with similar
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image quality after 30 minutes with 15-minute intervals (Fig. 4.8), indicating the repeatability of

array positioning due to the honeycomb patch, a key capability to enable long-term monitoring.

view
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Figure. 4.6. The imaging reconstruction. (A) The schematic of the array rotation by the tracker.

(B-D) Multi-angle image reconstruction at Position 4 with different view angles (-15°, center view,

and +15°). The blue dashed circle indicates the hypoechoic lesion. Scale bar, 1 cm.

Scanning along the designed trace on the right breast

Position 3

Position | I
between 1 and 2 Position 2 Position 4 Position 6

Figure 4.7. The cUSBr-Patch scans along the designed trace on the right breast. (A) The
schematic of the right breast with the location of the cyst and the seven positions for imaging. (B-
F) The photos of the cUSBr-Patch on the left breast of the subject at different positions. The red
dashed circle indicates the cyst in the right breast. Scale bar, 1 cm.
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Figure 4.8. The reliability of the ultrasound imaging by the cUSBr-Patch. (A) Initial scanning.

(B) The 2™ scan after 15 minutes. (C) The 3™ scan after 30 minutes. Scale bar, 1 cm.

4.2.2. Cross-validation with ML6-15 linear array

After finishing the examination on both breasts, we then used the GE ML6-15 linear array
commercial probe with the setting at the same frequency (7 MHz) to cross-validate the imaging
results by the cUSBr-Patch. The ultrasound specialist checked the same region on both breasts and
found a larger cyst (diameter of 1 cm) in the left breast and a smaller cyst (diameter of 0.3 cm) in
the right breast (Fig. 4.9), which indicates that our patch can precisely and observe these lesions
and has the potential reliable capability to detect early-stage breast tumors. The cUSBr-Patch’s
ability to identify abnormalities on the order of 0.1 cm is essential for achieving early breast cancer

detection well before tumors reach 2 cm in size [160].
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cUSBr-Patch
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0.3 cm cyst
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Position 4 Position 3
GE L6-15
probe
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Figure 4.9. The cross-validation via GE Logiq E10 system with an ML6-15 linear array
commercial probe. (A) The schematic of the left breast with the cyst. (B) The ultrasound image
of the cyst in the left breast by the cUSBr-Patch. (C) The schematic of the right breast with the
cyst. (D) The ultrasound image of the cyst on the right breast by the cUSBr-Patch. (E) The
schematic of the left breast with the cyst and the scanning location of the ML6-15 probe. (F) The
ultrasound image of the cyst in the left breast. (G) The schematic of the right breast with the cyst
and the scanning location of the ML6-15 probe. (H) The ultrasound image of the cyst on the right
breast. The teal line indicates the scanning position of the ML6-15 probe. The blue dashed circle
and red dashed circle indicate different cysts in the left and right breast, respectively. Scale bar, 1
cm.

In addition, when we compare the field of view, this 1D phased array with a narrower aperture
(8 mm in lateral dimension) provides the same field of view (fan shape with a 50 mm field of view
at 3 cm depth) as the GE ML6-15 (Fig. 4.10). It also shows a great field of view at depths deeper
than 30 mm. Although the phased array may not completely cover some shallow places close to
the skin surface, this is still appropriate for deep lesions because the breast tumor has a very low

probability near the skin and fat (within 10 mm depth) [161-163].
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Figure 4.10. Comparison of the field of view between the 1D phased array and the GE ML6-
15 linear probe. (A) The field of view of a 1D phased array with a depth of 80 mm (fig. S11). (B)
The field of view of the GE ML6-15 linear probe (lateral dimension 50 mm and maximum depth
80 mm) [164]. (C) Comparison of the field of view. The phased array has a greater field of view
at depths of approximately 30 mm or deeper.

In summary, we attempted to address the enormous challenge of imaging on the breast, which
has the largest curvature on the human skin, in comparison to very recent designs that rely on
hydrogels for fixed adhesion of the single ultrasound array [58] or the design based on a stretchable
substrate with hundreds of elements for long-time imaging [146]. Either using a substrate with a
large number of elements to completely cover the breast or frequently attaching/peeling a small
patch at various locations on the breast is not a desirable strategy. Additionally, unlike heart,
bladder, and other organ monitoring, breast imaging concentrates on the exact location of the cyst
in the breast rather than requiring continuous imaging during a person's activities. This is the reason
that we proposed the first-of-its-kind on-body ultrasound technology that used the combination of
a conformable patch with a rotated phased array, to combine the advantages of HHUS and ABUS,
especially for breast application. The cUSBr-Patch uses a nature-inspired honeycomb design to

hold the array in place such that the array can be easily rotated and moved to different positions to
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enable the observation of breast tissue in a more streamlined and standardized manner. The cUSBr-
Patch additionally circumvents the need for a three-dimensional scanner or complex beamforming

algorithm by using a high frequency phased array transducer with a fixed element pitch [146].
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Chapter 5 Conclusions and Future Work

5.1 Conclusions

This study presents a novel ultrasound technology that is unique in its design, drawing
inspiration from nature. It provides a non-invasive, wide field-of-view, real-time, user-friendly,
and uninterrupted monitoring of curved breast tissue. Additionally, it is designed to be worn as a
wearable device. This work employs a comprehensive system approach, encompassing the
synthesis and characterization of a sophisticated piezoelectric crystal, the design and evaluation of
an array, the development of a patch inspired by nature, and a clinical demonstration involving
real-time imaging of the breast. The outcome is a novel device capable of non-invasively scanning
and imaging soft tissues.

In this work, we obtained the following achievements:

1) The integration of a 1D array with a nature-inspired patch, along with the excellent
electromechanical performance of the Yb/Bi PIN-PMN-PT crystal, enables high-performance
image production. This system offers i) a deep image depth of approximately 80 mm, ii)
sufficient contrast sensitivity of around 3 dB at a depth of 30 mm, iii) the desired axial/lateral
resolution of 0.25/1.0 mm, and iv) a larger field of view for breast tissue imaging, which has
been validated using a commercial ultrasound probe.

2) The honeycomb patch design, inspired by nature, offers several advancements. Firstly, it
allows for easy scanning of 15 imaged sections, which helps in locating lesions outside of the
usual four-quadrant designation. Secondly, it provides mechanical support and stability for the
array, along with a tracker that enables imaging from different angles through rotation. Thirdly,

it eliminates the need for the operator to constantly hold the device, which is crucial for hands-
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free screening in home-based settings. Lastly, it ensures consistent and reliable breast tissue
screening for long-term monitoring.

3) The cUSBr-Patch's capacity to clearly visualize cysts measuring approximately 0.3 cm in
diameter renders it appropriate for early breast cancer screening. To capture images over a
large area, users can reposition the array at various locations on the honeycomb-shaped patch.
This allows them to obtain a comprehensive representation of the area. Meanwhile, hospitals
can use multiple arrays simultaneously to achieve accurate imagery in terms of both space and
time through multi-angle image reconstruction.

4) Additional benefits exist for practical applications, including the ability to reuse, the
convenience of use, and improved practicality for continuous monitoring of breast

abnormalities at home.

5.2 Future work

This study aimed to overcome the existing constraints of wearable ultrasound technologies,
such as the ability to image large, curved organs and the use of advanced piezoelectric materials
for ultrasonic arrays with enhanced performance. The advancement of ultrasound technology from
being used at the bedside to being included in portable and wearable devices will enable its
integration with big data collecting.

Future research will focus on several advancements, including the development of a patch that
can be customized in size and has a polymer substrate. This patch will be embedded with multiple
1D arrays to eliminate the need for random manual scanning. Additionally, there will be extensive
clinical trials that involve long-term imaging to monitor the effects of medical treatments or
medication. Furthermore, a portable system with back-end capabilities will be developed to allow
for daily self-screening. Consequently, the integration will facilitate the use of artificial
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intelligence (Al) for diagnosis and the production of tailored ultrasonographic profiles. This
capability enables the creation of personalized ultrasound profiles, as well as the collection of
extensive data (such as tissue images and Al-analyzed outcomes), which may be promptly shared
with medical professionals for rapid and unbiased evaluations. These systems can be designed to
work together with wireless communication to continuously monitor various soft tissue conditions.
The cUSBr-Patch measures image variations that can be predicted by changes over time in the
progression of soft tissue abnormalities or as a response to medical treatment.

These advancements will allow for speedy and objective assessments. This progress is
particularly significant in the context of breast cancer, as timely detection and evaluation of

medical treatment responses are crucial for patient care.
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