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1
Introduction

1.1. Background
Cardiac arrhythmia in general refers to any abnormal activity of the heart such as abnormalities in the
heart rate or heart rhythm [22, 2]. The range of cardiac arrhythmias is wide, from harmless disorders
to even fatal problems such as stroke or cardiac arrest. Atrial fibrillation (AF) is a common type of
arrhythmia characterized by rapid, chaotic electrical impulses in the atria (upper chambers) of the heart
[1]. In AF, the atria lose their coordinated contraction, resulting in a quivering or irregular heartbeat. This
irregular electrical activity can lead to inefficient pumping of blood and disrupt the normal flow of blood
through the heart. AF is associated with an increased risk of blood clot formation, which can potentially
cause a stroke or other complications.

Figure 1.1: (A) The diagram of the heart as well as (B) the cardiac conduction system. The red arrows shows the
direction of electrical wave propagation in normal heart [1].

In order to sufficiently treat atrial fibrillation it is important to know the underlying causes. Several
studies focused on the responsible pathological mechanisms, however, the main causes are not yet
completely discovered [2, 17, 8]. Some studies showed that electropathology of the atrial tissue plays
an important role in the development and progression of AF [22]. Thus investigating the electrical
activity of the atrial tissue and the cardiac conduction system (shown in Figure 1.1) may be beneficial
in order to gain more information on heart diseases. The most common way to record this activity is by
placing electrodes on a patient’s body surface. The measured electrical activity of the heart over time
at the electrode location is called an electrocardiogram (ECG or EKG) which is the spatial average
activity of all heart cells [1]. In order to get more detailed information about the electrical activity of
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the atrial tissue, the electrodes can also be placed directly on the heart tissue to record the electrical
activity and wave propagation of the heart. This process can be done during open chest or open heart
surgeries, or by using a catheter inside the heart. The signals obtained are called atrial or ventricular
electrograms (EGMs). These signals provide more detailed information with a higher spatial resolution
of the depolarization wave propagation through the heart tissue. Moreover, they are less affected by
the surrounding structures of the heart than electrocardiograms, thus providing a less noisy signal.

Atrial mapping is the procedure of recording electrograms at several locations of the atrial tissue
in order to create a detailed three-dimensional map of the electrical activity within the heart’s atria
[8]. Electrograms and atrial mapping can be helpful in localization and quantification of the degree
of electropathology and may provide useful information on the stage of cardiac arrhythmia [67]. By
providing a detailed map of the atrial electrical activity, atrial mapping allows physicians to identify and
target the sources of arrhythmia with greater precision, improving the effectiveness of treatment and
reducing the risk of complications. Epicardial mapping is a form of atrial mapping, during which the
electrical activity of the epicardium is collected. The epicardial mapping is done during open heart
surgeries, prior to the start of extra-corporal circulation. A temporary bipolar epicardial pacemaker wire
is stitched to the right atrial free wall in order to create a reference electrode. The epicardial mapping
in Erasmus Medical Center is performed during sinus rhythm and (induced) AF with a custom-made
flexible 192-unipolar electrode mapping array, mounted on a custom-made spatula in order to ease the
correct placing of the electrode as it provides stability and can be bent to match the atrial curvature.

Figure 1.2: (A) Previously used electrode array and some sample electrogram recordings in Erasmus Medical
Center. (B) The positioning of the electrogram on atria during open chest surgeries. (C) The 9 successive locations
where the electrode array is positioned in order to achieve sufficient mapping [67].

Cardiac electro-mechanical coupling is a fundamental process in the function of the heart [19]. It
refers to the tight coordination between the electrical activity of cardiac cells and the mechanical con-
traction of the heart muscle that results in the pumping of blood. The process occurs in the cardiac
muscle cells in response to electrical stimulus. Firstly, the electrical stimulation occurs due to the elec-
trical signal generated by the sinoatrial node, which action potential spreads rapidly throughout the
heart via specialized conduction pathways, triggering the contraction of the cardiac muscle cells. Then
a calcium influx occurs though the voltage gated calcium channels in the cardiomyocyte membrane,
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increasing the intracellular calcium levels rapidly. Due to this, more calcium ions are released from
the sarcoplasmic reticulum leading to the amplification of the calcium signal within the cell, creating
a greater force of contraction. The calcium ions bind to specific proteins in the cardiomyocyte called
troponin and tropomyosin, leading to a conformational change in the actin and myosin filaments of the
cardiac muscle cells. This conformational change allows the actin and myosin filaments to interact,
generating the force necessary for contraction. Afterwards, the intracellular calcium levels are lowered
due to the calcium reuptake into the sarcoplasmic reticulum and the extrusion of calcium out of the
cell, thus leading to the relaxation of the cardiac muscle cells. As the electro-mechanical coupling is a
complex and tightly regulated process, the disruption of any of these steps can lead to several different
cardiac disorders [22]. Therefore it may be beneficial to investigate not only the electrical activity, but
the deformations of the atrial tissue [19]. Gaining more information on the behaviour of atrial tissue
from patients with arrhythmia may help us understand the underlying causes of the development of
such disease, thus more efficient treatments could be introduced.

Therefore, the visualization of atrial tissue would be beneficial as then the structure of the tissue
would be revealed additionally to the electrograms. This would allow a more detailed understanding of
the atrial tissue, which may be beneficial in further improvements regarding treatment of atrial fibrilla-
tion. The behaviour of atrial tissue can be observed with many techniques, however previous research
showed that ultrasound would be the most beneficial as it can provide a detailed image of the deforma-
tions of the tissue in vivo, relatively simple and widely accessible [46, 11, 41]. Ultrasound is used in a
wide range of medical applications in both diagnostic and therapeutic settings, including obstetrics and
gynecology, cardiology, oncology, neurology and musculoskeletal imaging [28]. It has several benefits,
which makes it a favorable choice in many medical applications. One of the biggest advantages of
ultrasound is its ability to produce images in real-time, allowing doctors to see internal structures and
organs as they function in real-time. Additionally, it is relatively low-cost, widely available. Moreover,
it can be used to characterize the tissue as the acoustic reflectivity can imply the tissue content of the
myocardium [9]. Several clinical studies have confirmed a good correlation between the amplitude of
the echo and biochemically assessed collagen content [9]. Gaining more information of the content of
the tissue may be beneficial in the diagnosis and treatment of arrhythmia.

However, there are several challenges that need to be overcome when a device is designed for
simultaneous visualization of the atrial tissue during atrial mapping as previous research showed [41].
The upcoming guidelines should be followed based on technical limitations and considerations of the
environment:

1. Possible to integrate with Electrode Array - As the current design of the electrode array is
optimal for this application, any further imaging devices should be able to be integrated with it.
According to the research of Booijink and Porte, simply placing an IVUS in the middle of the
electrode array or imaging through the array is suboptimal [3, 48]. Mechanical and electrical
integrity should be considered.

2. Sufficient Resolution - The lateral resolution of the electrode array is 2 mm (interelectrode dis-
tance being 2 mm). In order to sufficiently image the structure of the tissue, sub-millimeter axial
and millimeter lateral resolution is desired.

3. Size - the current electrode array is 46 mm x 16 mm, with a thickness of 180 µm. Due to the
limited space during mapping, it is desirable to keep the size of the device around this size.

4. Portability - Due to the convenience for the surgeons and staff the device should be portable.
The recorder of the current electrode array is being stored on a moveable trolley. A similar setup
for further development is desirable, if not better portability is achievable.

5. Biocompatibility - As the device is in direct contact with the tissue, the coating materials shall
be biocompatible due to safety regulations [36].

6. Compatible with Sterilization - Currently the electrode array is sterilized with ethylene oxide
[20], thus the raw materials with the new device shall be compatible with ethylene oxide and the
diffusion properties should be optimized.

7. Penetration Depth - In case the tissue below the surface is desired to be imaged, the imaging
technique must have the sufficient penetration depth. As the atrial tissue is around 5-7 mm, not
high penetration depth is needed.
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8. Focus – It is important that the focal point of the imaging device is around the area of interest
for the highest resolution. As the electrode array is placed on the surface of the tissue, for future
developments it would be desired that the focal point is in the range of millimeters.

9. Conformable - The current electrode array is highly conformable in order to ensure minimum
signal loss, this feature should be preserved.

10. Sufficient SNR – The signal-to-noise ratio (SNR) should be as large as possible. The SNR of
the electrode array is between 10 dB and 34 dB as the atrial signals are in the range of 1 - 15 mV
and the noise levels are 0.3 mV. The minimal SNR for any sensing equipment is 5 dB, however
the higher the better.

11. Satisfies the Safety Regulations - There are several regulations that should be considered,
such as the medical electronic device (IEC 60601, [44]) and the local regulations [36].

12. Mechanically Robust - Mechanical robustness should be ensured due to possible deformations.

1.2. Problem Statement
Recording elecrocardiograms on the surface of the heart is a special environment with unique chal-
lenges that limit the usage of other additional devices. Thus the recording of any mechanical activity of
atrial tissue simultaneously with atrial mapping is a challenging process, which has only vaguely been
described in the literature before. According to the current state-of-art, there has not been any device
reported, which has been designed to simultaneously record electrical and mechanical activity of the
same area of the heart tissue in vivo. Therefore it would be beneficial to explore the design process of
such a device and create a prototype.

1.3. Goals and Objectives
The primary objective of this thesis is to design, fabricate, and evaluate a prototype device where an
ultrasound transducer and an electrode array are integrated. This prototype is envisioned for in vivo
application during open heart surgeries in order to further enhance the data collection of the atrial tissue,
thus allowing for further research on cardiac arrhythmia. Such a concept has not been commercialized
and remains sparsely studied in current research. The key design objective is to integrate an ultrasound
transducer and an electrode array in a way that the data loss and cross-talk areminimal. Through proper
algorithm implementation, the device will be able to simultaneously record the electrical andmechanical
activity of the same area of the heart tissue. This research will analyze the design and optimization
of the conformal ultrasound transducers for cardiac applications, and the means of integration with
electrode arrays. Emphasis will be placed on addressing the optimal design parameters and the final
design.

A prototype has been designed, fabricated, and tested. This prototype consists of two parts, a
device with ultrasound transducers and a flexible electrode array. Considering the limitations of the
environment and the purpose of the device, 1-3 piezocomposite rings have been chosen as ultrasound
transducers, of which 12 have been placed on a two-layer flexible PCB. The electrode array consists of
36 electrodes, of which 12 have a special cutout to allow better transmission of the ultrasound waves.
The two parts have been mounted together, forming the final device.

In order to investigate the performance of the device several experiments have been conducted.
The pressure field created by the transducers was analyzed, with and without the electrode array to
see how the electrode array affects the performance of the transducers. Moreover, the impedance of
the electrode array was measured with and without the ultrasound transducers, in order to see how it
affects the performance of the electrode array.

1.4. Thesis Structure
Chapter 1 presents the background and relevancy of the current work. It outlines the problem statement
and the goals and objectives of the study.

Chapter 2 explores the theoretical background of the proposed device, namely electrode arrays,
and ultrasound transducers.

Chapter 3 presents previous works where the subject of this thesis was studied previously. More-
over, it provides an overview of recent advances in conformal ultrasound arrays for cardiac applications.
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Chapter 4 presents the different phases of device development, comparing the several concepts,
and analyzing the simulations conducted in order to retrieve optimal design parameters. The final
design is presented in great detail, along with a detailed explanation of intended usage. Furthermore,
the assembly procedure is explored detailing the steps, struggles and recommendations.

Chapter 5 outlines the characterization process for both components of the final device. The
impedance of the ultrasound transducer and the electrode array has been analyzed individually. The
pressure fields of the ultrasound transducer have been obtained with and without the presence of the
electrode array. Preliminary pulse-echo measurements have been conducted of the ultrasound trans-
ducer with the electrode array.

Chapter 6 discusses the relevance, the results, and the limitations of this work.
Chapter 7 concludes by summarizing the findings of this study. Potential points of improvement of

the current work are suggested as future work.



2
Theoretical Background

2.1. Electrode Arrays
2.1.1. Basics of Electrode Arrays
In principle, multi-electrode Arrays (MEAs) are two-dimensional arrangements of voltage probes de-
signed for extracellular stimulation and monitoring of electrical activity of electrogenic cells [63]. These
cells can be either isolated or in muscle, neuronal, or cardiac tissue. To analyze the performance and
the transfer properties of the probes the entire system has to be considered. The entire system con-
sists of (1) the cellular signal sources and the tissue allowing the spread of ionic current, (2) the contact
between the cells and the electrodes and the contact between the tissue and the electrodes, (3) the
substrate and the embedded microelectrodes and (4) the external hardware consisting of simulators
and filter amplifiers connected to the electrodes. As in this study, the focus is on cardiac tissue record-
ing, this process will be detailed further. The electrical activity of the tissue spreads within the cellular
compartments from cells-to-cells via synaptic connections, which spread is always accompanied by the
flow of ionic current through the extracellular fluid. The current flow indicates an extracellular voltage
gradient that varies in time and space according to the time course of the activity of the tissue as well
as the spatial distribution and orientation of the cells. This voltage gradient can be measured with the
recording electrodes using read-out circuits. The measurement setup of extracellular recording of a
single cell activity is shown in Figure 2.1. The cell body is partially covering the electrode surface, and
the free electrode area is in contact with the external saline and connected to the ground. The amplifier
connected to the conducting lane records the sum of the potentials at the surface of the free electrode
and the surface of the electrode covered by the membrane.

Figure 2.1: Working principle of an extracellular recording of single-cell activity with planar electrodes. Given the
electrical circuit, the voltage picked up by the amplifier between the contact pads and the reference electrode can
be calculated [63].

6
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Generally, the MEAs have several advantages which make them favorable for several applications
in the medical field [59]. Firstly, they have a sufficiently high spatial resolution as they enable the si-
multaneous recording or stimulating of electrical signals from multiple sites, providing detailed spatial
information about the activity within tissues or cell cultures. Additionally, the stimulation recording and
stimulation of electrical activity facilitates high-throughput data acquisition and analysis. Secondly, they
are easily adaptable to various applications in the field of researching different excitable tissues. More-
over, they are suitable for long-term recordings of electrical activity, allowing for the study of dynamic
processes and the assessment of chronic effects of drugs or interventions. When micro-electrode ar-
rays were first developed in the early 1970s, mainly Au was used for the electrode material [63]. Au
planar electrodes have a relatively high impedance in the range of a few hundred ohms to several kilo-
hms, thus the common practice was to platinize the electrodes in order to reduce the impedance Ro

in the range of a few ohms, thus improving the SNR. However, due to the degradation of Pt-layer, this
type of electrode was not stable in the long term, therefore new technologies were introduced. Nowa-
days the standard electrode is made of TiN by plasma-enhanced chemical vapor deposition with the
insulator layer being silicon nitride [63]. The surface area of the TiN electrode created by this process
is high, which leads to increased capacitance, thus providing a reduced noise level. In general, a noise
level less than ±10 µV can be observed, measured with a 30µm MEA electrode at a cut-off frequency
of 1 Hz to 3 kHz, with a sampling rate of 25 kHz [63]. However, more specific MEA designs exist for
different applications.

The standard line of MEA consists of a pattern of 8 x 8 or 6 x 10 electrodes and is generally used
for measuring acute brain slices, single cell cultures, and organotypic preparations [63]. Thin MEAs
are only 180µm thick and they are constructed using cover slip glass in order to allow microscopy
imaging through it [10]. Another design, the 2 x 30 MEA aims to study the local responses at a high
spatial resolution in parallel with studying the functional connectivity of two organotypic slices placed
next to each other [52]. These technologies are mostly used in vitro measurement, for example, to
record multi-unit activity of retina slices. In the case of precise measurement of conduction velocity
or synaptic delays over long distances, spatial resolution is especially important. Hence high-density
MEAs were developed in which 256 electrodes in a square grid pattern utilize a 100µm interelectrode
distance in the center and 200µm in the periphery, yielding a total recording area of about 2.8 × 2.8 mm
[37]. However, all of the previously presented designs are mostly used for in vitro measurements.

2.1.2. Flexible Electrode Arrays

Figure 2.2: Recent flexible multielectrode arrays presented in the review of Lee et al. [26]. (A) Epidermal electron-
ics with good adhesion to human skin. Scale bar: 1 mm. (B) Electronic dura meter with biocompatible substrate.
Scale bar: 3 mm. (C) Electronic textile with stretchability. Scale bar: 25 mm.

To perform measurements in vivo and semi-intact preparations a different approach is needed for
multi-channel recordings. The attachment between the tissue and the array has to be tight in order
to maximize SNR. High conformity can be achieved with flexible MEAs as the recent development
in thin film electronics allows the fabrication of ultrathin substrates, biocompatible substrates and/or
stretchable textiles (Figure 2.2) [26, 45]. The flexible MEA can be combined with an active matrix to
minimize the number of wires and to increase SNR [27]. In order to perform atrial mapping, a flexible
MEA is needed to ensure the attachment between the tissue and the device, thus the flexible structures
will be detailed further.

The simplest flexible MEA consists of a patterned electrode and an electrical passivation layer which
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exposes only the target area [63]. It is favorable to use in many cases as it is easy to fabricate. The
voltage measurement of such structure happens between the sensing pad and the inactive part of
the living cell as a reference. The functionality of a passive MEA can be increased by adding active
components in each cell of the array, creating an active array [26, 27]. The voltage measurement in
such an active array is generally performed by a transistor. The bioelectric signals at the gate electrode
of the transistor are amplified to the current modulation between the source and the drain. Combining
two transistors in each cell (one for sensing and one for multiplexing) an active matrix can be created
to reduce the number of wires, thus increasing the spatial resolution. Moreover, by using transistors as
sensors, the active MEAs achieved scalable design and signal amplification. Additionally, low power
consumption and low crosstalk can be achieved by using specific multiple-addressing transistors.

In order to be applicable for medical applications, active flexible meas have to possess several
attributes, such as high spatiotemporal resolution, high conformability, flexibility, transparency, and
biocompatibility [26]. The conformal contact between the tissue and the device is important to achieve
sufficiently high SNR. This can be ensured by further increasing the flexibility of the device by de-
creasing the thickness of the entire device. In some cases, optical transparency is required to perform
microscopy or modulation of ion imaging. However, for atrial mapping, this is not a criterion. Further-
more, biocompatibility is essential for all devices that have to be in contact with the body for a long
period. As the atrial mapping occurs during open-heart surgeries and the device is not implanted in the
body, this requirement does not have to be fulfilled.

2.1.3. Some Applications of Electrode Arrays
Considering the several advantages of MEAs, they are favorable in many application areas [59]. Firstly,
in neurophysiology they are used to research the electrical activity of neurons and neural networks as
they enable simultaneous recordings from multiple neurons, providing insights into neural communica-
tion, synaptic plasticity, and brain function with possible developments in the field of brain-computer
interfaces and neural prosthetics [13, 54, 61]. Secondly, they are widely used in drug screening and
toxicity testing as they are useful for researching the effects of drugs on electrical activity [60, 23]. By
measuring changes in electrical signals from cultured cells or tissue slices, MEAs can help identify po-
tential cardiotoxicity or neurotoxicity of drug candidates. Furthermore, they play a crucial role in tissue
engineering as they aid the development of functionally engineered tissues by monitoring cell behavior
and optimizing tissue growth and integration [29]. Lastly, they are widely used in the field of cardiac
electrophysiology as they are employed in cardiac research to investigate the electrical behavior of
cardiac cells and tissue [11, 34]. They allow for the study of arrhythmias, drug effects on the heart, and
tissue engineering approaches for regenerative medicine. MEAs can provide valuable data on action
potentials, conduction velocity, and synchronization of cardiac cells.

2.1.4. Electrode Array of Erasmus Medical Center for Electrophysiological Map-
ping

One of the research methods of electrophysiology is the mapping of the atria. During atrial mapping,
the electrical signals of the heart are measured directly on the surface of the heart during open-heart
surgeries creating electrocardiograms. Atrial mapping aims to retrieve more information on unhealthy
heart tissue, thus facilitating the unraveling of the mysteries of atrial fibrillation mechanisms, which
can have a significant effect on strategies for the prevention or therapy of AF. The atrial mapping is
done during open heart surgeries, before the start of extra-corporal circulation. A temporary bipolar
epicardial pacemaker wire is stitched to the right atrial free wall in order to create a reference electrode.
The epicardial mapping is performed during sinus rhythm and (induced) AF with a custom-made flexible
192-unipolar electrode mapping array, mounted on a custom-made spatula to ease the correct placing
of the electrode as it provides stability and can be bent to match the atrial curvature. Recordings of
real-time epicardial electrograms from Bachmann’s bundle are used to confirm the atrial capture. The
mapping is conducted sequentially along several imaginary lines between anatomical borders in order
to cover the entire left and right atria. The mapping array is shifted along these imaginary lines with a
fixed orientation. The surgeon visually tries to avoid the omission of areas, however this comes with
the cost of possible overlaps between successive mapping sites. The mapping lines and the correct
positioning of the 192-electrode array are presented in Figure 1.2. The array is held in place with
light manual pressure exerted by the surgeon. The mean duration of the entire mapping procedure
including preparation time is approximately 10 minutes [67]. The risk of complication related to the
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mapping procedure during or after the cardiac surgery is minimal [67].
The epicardial electrograms are recorded with a thin custom-made flexible 8 x 24 unipolar electrode

mapping array with the size of 46 mm x 16 mm shown in Figures 2.3 and 2.4. The array consists of
an electroless nickel immersion gold-plated electrode array, which is mounted on a thin flexible copper-
clad polyimide laminate (kapton) and overlay composite film. Sterilization is performed by an outside
party with ethylene oxide, according to the NEN-EN-ISO 11135:2014 standard [20]. The sterilized array
is connected to the 3-meter-long, shielded flat cables via the connectors shown in Figure 2.4, which is
delivered to the surgeon in a sterile sack. The flat cables are connected to a battery-driven, custom
computerizedmapping systemwith 256 channels and±8mV input range, 16-bit ADC, filter between 0.5
Hz and 400 Hz. The Recorder is connected to a laptop computer via USB 2.0, where all the recorded
electrograms are visualized real-time with a custom-made software. Three channels are designated to
display the surface ECG, reference signals, and a calibration signal of 1 mV and 1000 ms pulse-width.
The sampling rate is 1 kHz.

Figure 2.3: Currently used electrode array for atrial mapping in Erasmus MEdical Center.

(a) (b)

Figure 2.4: (a) A close-up and (b) the connectors of the currently used electrode array for atrial mapping in
Erasmus Medical Center.

2.2. Ultrasound Transducers
2.2.1. Basics of Ultrasound
Sound waves are the mechanical vibrations of an object and a form of energy propagation. Sound
frequency, measured in hertz (Hz), refers to the number of vibrations per second. The human ear
can perceive sound waves between 20Hz and 20kHz. Frequencies above 20kHz are classified as
ultrasonic waves.

Ultrasound has distinct advantages in medicine due to its higher energy levels, frequencies, and
shorter wavelengths, which result in minimal diffraction. This allows ultrasound to travel in straight lines
with good beam formation and directionality over a distance. Sound waves can be described by their
frequency, wavelength, and wave speed according to the following equation.

f =
v

λ
, (2.1)

where f is frequency in MHz, v is the speed of sound in the medium, λ is the wavelength. In medical
ultrasound, wavelength determines the image’s resolution, while frequency affects the depth of tissue
that can be imaged as the attenuation of the waves depends on the frequency. The attenuation can be
calculated using the following equation.
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A = α · l · f, (2.2)

where A is the attenuation in dB, α is the attenuation coefficient of the material in dB
MHz·cm , l is the

travelled distance of the sound waves in cm.
One of the important physical characteristics relating to the propagation of ultrasound is the acoustic

impedance of the medium in which the sound wave travels. It is given with the following equation.

Z =
p

U
, (2.3)

where Z is acoustic impedance in MRayl, p is the acoustic pressure of the wave in Pa, and U is the
volume velocity in m

s . In general, different media in which the speed of sound is different has different
acoustic impedance. Therefore, when the sound wave travels through different media it encounters
impedance mismatch, which results in some reflections of the wave leading to energy loss. For this
reason, the use of matching layer is advised, which matching layer has the acoustic impedance with
the geometrical mean of the two neighboring media, and a thickness of λ/4, which ensures that the
energy loss and the reflections will be minimalized when the ultrasound waves propagate through the
other media.

An important principle in ultrasound theory is the pulse-echo principle. As pulse waves propagate
through body tissues with varying acoustic impedances, some parts of the waves are reflected back
to the transducer as echo signals, while others continue to penetrate deeper into the tissue. When
these returning echo signals strike the transducer, deformation is induced in the piezoelectric material,
generating electrical signals. These signals are then processed and can be combined to produce an
image. The transducer thus functions dually as a transmitter, emitting pulse waves, and as a receiver,
detecting the returning echoes. The pulse-echo principle is employed to achieve the necessary depth
resolution for diagnostic imaging. By precisely measuring the time interval between the emission of
a pulse and the reception of its corresponding echo, the imaging system can calculate the distance
between the transducer and the structure that generated the echo.

Moreover, it is important to consider the axial resolution of the ultrasound waves as it determines the
ability to discern two separate objects with are longitudinally adjacent to each other in the ultrasound
image. It is defined by the following equation:

rax =
1

2
· lsp, (2.4)

where rax is the axial resolution in mm, lsp is the spatial pulse length in mm. The latter is determined
by the product of the wavelength of the wave and the number of cycles (periods) within a pulse.

2.2.2. Piezoelectric Transducer
The core element of the ultrasound system is the ultrasound transducer, which is able to convert me-
chanical energy into electrical energy and vice versa [30]. In order to produce a piezoelectric transducer
piezoelectric materials are used, which contain lead-content materials and lead-free materials [30]. The
performance of the transducer is determined by the material properties, such as the piezoelectric coef-
ficient (d33), dielectric properties, electromechanical coupling coefficient (kt), and acoustic impedance
(Z). The piezoelectric coefficient quantifies the volume change when a piezoelectric material is sub-
ject to an electric field. The dielectric properties determine the storage and dissipation of electric and
magnetic energy in insulators. The electromechanical coupling coefficient is a numerical measure of
the conversion efficiency between electrical and acoustic energy in piezoelectric materials.

The most commonly used lead-content piezoelectric material is Lead Zirconate Titanate (PZT),
which has low mechanical losses and great dielectric properties [30]. It is flexible, thus it is applica-
ble for high-conformity applications. Another lead-content piezoelectric material is Relaxor-PT, which
has low dielectric loss, and great performance in dielectric permittivity, electromechanical coupling co-
efficient, and piezoelectric coefficient [30]. There are several lead-free piezoelectric ceramics, such
as (K,Na)NbO3 (KNN) with stable piezoelectric properties and high Curie temperature, or BaTiO3 (BT)
and (Bi, Na)TiO3 (NBT) with stable electrical properties, good electromechanical coupling, low dielec-
tric loss, but low piezoelectric coefficient, which limits its application areas [30]. Moreover, ZnO is
a commonly used piezoelectric ceramic due to its ultrahigh frequency, excellent uniformity on a sub-
strate, low density, high flexibility, and low acoustic impedance [30]. Organic piezoelectric transducers
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Figure 2.5: A single element transducer and its structure [7].

are also researched, for example, polyvinylidene difluoride (PVDF) is a beneficial ceramic as its low
acoustic impedance is matched to tissues, and has good broadband receiving performance even on
a smaller area [30]. Moreover, recently piezoelectric composites have been researched as they have
enhanced electromechanical coupling, which allows the broadening of the bandwidth, thus improving
the SNR. Piezoelectric composites generally have an acoustic impedance closer to human tissue, thus
the matching layer can be eliminated.

Usually, there is a significant mismatch in acoustic impedance between the piezoelectric transducer
(around Z = 30MRayl) and the media to be imaged (around Z = 1.6MRayl for tissue), thus in order
to minimize energy loss the use of a matching layer is needed with the acoustic impedance of the
geometrical mean of the twomedia to bematched [7]. Commonly usedmaterials are polymers, glasses,
ceramics, and metals, lately composites of gold and silver -polymers have been thoroughly researched
[51]. Choosing the thickness of the matching layer to be λ

4 ensures that the waves that were reflected
remain in phase. Furthermore, a backing layer is used at the non-imaging side of the transducer in
order to prevent the backward emitted sound waves to echo and cause back ringing into the transducer.
Frequently used materials are alumina or tungsten-loaded epoxy [42].

Generally, ultrasound transducers have two main types: single-element transducer and array (lin-
ear, circular, and 2D array) shown in Figure 2.6 [30]. The structure of the single-element transducer
is shown in Figure 2.5. Compared to the simpler single-element transducer, the arrays are capable
of dynamic focusing, high frame rate, and real-time measurements. The 2D arrangement in the array
enables various imaging and sensing techniques, such as beamforming and spatial focusing. By con-
trolling the timing and amplitude of electrical signals applied to each element, the array can steer and
focus the ultrasound beam in different directions, allowing for real-time imaging with high spatial reso-
lution and sensitivity. The conventionally fabricated bulk piezoelectric transducers are often designed
as solid structures made from the formerly mentioned piezoelectric materials, usually in the form of
plates, discs, or beams. Electrodes are placed on the surfaces of the material to apply electric fields
and measure the generated charges. Bulk piezoelectric transducers are found in most biomedical ap-
plications due to their high power handling capacity, simplicity, wide frequency range, high sensitivity,
and great reliability [47]. Their high SNR is due to the high-quality piezoelectric materials that exhibit
strong and consistent piezoelectric properties [47]. As they can be constructed with larger physical
dimensions, larger apertures, and improved beamforming capabilities are possible. This can result in
better lateral resolution and the ability to focus and steer ultrasound beams electronically. Moreover,
they are generally more robust and less susceptible to mechanical damage or wear compared to del-
icate microfabricated structures used in MEMS transducers. However, they have some limitations as
well, as they are not able to be miniaturized, thus not allowing the integration of electronic circuits.
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Figure 2.6: Different types of ultrasound transducers [56].

An ultrasound transducer can be either focused or unfocused, depending on whether the ultra-
sound waves are focused or not. For single-element transducers, focusing is typically achieved using
acoustic lenses. Focused transducers are generally preferred for imaging applications as they pro-
duce pulses with small diameters, which gives better visibility of image details. Specifically, the best
detail and therefore resolution is obtained for structures within the focal zone. An unfocused ultrasound
transducer generates a beam with two distinct regions: the near field (Fresnel zone) and the far field
(Fraunhofer zone). In the near field, the beam maintains a relatively constant diameter, which is use-
ful for imaging. The beam diameter is determined by the transducer’s diameter, while the length of
the near field (lnear field depends on both the transducer’s diameter (D) and the wavelength (λ) of the
ultrasound beam, as described by the following expression:

lnear field =
D2

4λ
(2.5)

Figure 2.7: Focused and unfocused ultrasound transducer [55].

Since wavelength is inversely related to frequency, the near field length increases with frequency
for a given transducer size. In contrast, the far field is characterized by beam divergence, causing the
ultrasound pulses to expand in diameter while reducing the intensity along the central axis. Due to the
inverse relationship between wavelength and frequency, higher ultrasound frequencies, corresponding
to shorter wavelengths result in less beam divergence. This is a significant advantage of using higher
frequencies, as they produce less blur and better image detail. Although ultrasound beams are often
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idealized in theory, in practice, unfocused transducers can produce beams with side lobes—secondary
beams that spread out around the primary beam. These side lobes can generate echoes, potentially
introducing artifacts into the image and compromising its quality.

In order to achieve high conformity during direct ultrasound imaging of the heart, ultrasound trans-
ducers mounted on a flexible substrate are preferred. High conformity reduces the signal loss during
monitoring, thus the SNR is improved. Recently several devices have been introduced with such prop-
erties [66]. The technology of piezoelectric ultrasound transducers on flexible substrate demonstrated
to have the most benefits for biomedical applications [58]. Recently several fabrication strategies have
employed rigid bulk piezoelectric materials and packaged them onto flexible substrates or assemblies.
Fabrication methods have included attaching bulk piezoelectrics onto flexible printed circuits [49], trans-
ferring bulk piezoelectrics from polydimethylsiloxane (PDMS) templates to flexible substrates with ad-
hesive films [50], and mounting transducers onto spring loaded probe matrices [68]. Some of these
bulk piezoelectric fabrication strategies have yielded fully-packaged flexible devices, but with limita-
tions in uniformity and scalability [57]. Recently, transducers made out of flexible substrates are being
researched, as they provide high conformity and the materials used are lead-free [43].

2.2.3. Some Application of Ultrasound
Ultrasound has several applications in the medical field, from diagnostic to therapy. The most common
application is diagnostic imaging, including obstetrics and gynecology, cardiology, oncology, neurology,
and musculoskeletal imaging [28]. For example, in obstetrics and gynecology, it is used for prenatal
imaging to monitor fetal development, detect abnormalities, and determine the position of the fetus [15].
Moreover, it is widely used in cardiology to evaluate the structure and function of the heart, including
the assessment of heart valves, blood flow, and the overall cardiac performance [46]. Furthermore, it is
favorable for image-guided procedures to get real-time information during specific medical procedures
such as needle insertions, biopsies, and catheter placements as it allows the surgeons to achieve higher
accuracy and safety [35]. For therapeutic purposes, it is widely used for tumor ablation, drainage of
fluid collections, or guided injections of medications, offering a minimally invasive approach with precise
targeting [5].



3
Literature Review

Considering the limitations of the working environment as detailed in Chapter 1, the preferred method of
simultaneously measuring the mechanical and electrical properties of the heart in vivo is using piezo-
electric transducers mounted on flexible substrate and electrode arrays, as previously presented in
Chapter 2. Therefore a literature review has been conducted on previous works integrating the two
systems, and recent development of conformal ultrasound transducers on cardiac applications.

3.1. Previous Works on Integration of Cardiac Electrodes and Ultra-
sound Transducers

Figure 3.1: Schematic showing the two transducer orientations designed by [32]. (A) Side-scanning and (B)
beveled with the five ring electrodes and the tip electrode on each.

Previously few studies from a group examined integrating ultrasound transducers and ECG elec-
trodes in the same probe. [32, 33]. Light et al. designed a catheter-mounted 2-D array transducer in
order to obtain real-time 3-D intracardiac ultrasound images [32]. They have constructed a device con-
taining several transducers with 64 channels inside a 12 French catheter lumen operating at 5 MHz and
six electrodes to acquire simultaneous electrocardiograms. Two configurations have been designed
for the device, a side-scanning and a beveled concerning the long axis of the catheter lumen. Both
configurations are presented in Figure 3.1, with the tip ECG electrode and the five-ring electrodes. All
of their transducers were built on a 6-layer polyimide substrate with thin film patterning. An open-chest
sheep subject has been used to study the utility of the device in vivo intracardiac 3-D scanning. It has
been demonstrated that the device was able to image the major anatomical landmarks of the heart
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while collecting electrocardiogram signals from the tissue, showing that the two technologies can be
integrated. The integration did not seem to have a significant effect on the quality of the acquired data
from either the electrodes or the ultrasound transducer. The limitation of the device is that the electric
signals and the mechanical properties of the heart are not collected from the same location. Moreover,
the field of view of the electrodes is relatively low as the device contains five ECG electrodes.

3.2. Conformal Ultrasound Arrays for Cardiac Applications

Figure 3.2: Schematics and design of the stretchable ultrasonic transducer array designed by [18]. (A) Schematics
showing the device structure. (B) Exploded view to illustrate each component in an element. (C) The optical image
(bottom view) of four elements, shows the morphology of the piezoelectric material and bottom electrodes. (D) The
tilted scanning electron microscopy image of a 1-3 piezoelectric composite. (E) The optical image (top view) of
four elements, shows the morphology of the backing layer and top electrodes. (F)-(H) shows flexibility in different
directions.

Recently several studies were conducted in the field of conformal ultrasound transducers for car-
diac imaging [18, 16, 64, 65, 39]. Hu et al. designed and fabricated a stretchable conformal ultra-
sound robe that can detect nonplanar complex surfaces [18]. The probe consists of a 10 x 10 array
of piezoelectric transducers with an island-bridge layout multilayer electrode array (Figure 3.2). Their
innovative structure featured islands, each with a rigid element, and undulating bridges that unfold to
accommodate external strain while maintaining limited strain in the components. The matrix was lo-
cally rigid but globally soft, and each element in the array was individually controllable. The flexible
probe could reconstruct the morphology of the target through multisection images. The frequency of
the device was 3.5 MHz with a fractional bandwidth of 47%. The substrate and superstrate consisted
of silicone elastomer thin films, providing a highly compliant platform for various building blocks. Piezo-
electric 1-3 composites were fabricated by the group to serve as transducer materials, offering superior
electromechanical coupling coefficients. An Ag-epoxy composite backing layer was used to dampen
piezoelectric vibrations, improving image resolution. The design included a small pitch between trans-
ducer elements for artifact reduction and sufficient space for stretchability. The biggest challenge in
the design was the need for numerous electrical connections in the 10 × 10 array. Thus, a multilayered
electrode design based on the transfer printing method was presented to tackle this problem. Accord-
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ing to their findings, the array showed a high electromechanical coupling coefficient (keff ∼ 0.60), a
high signal-to-noise ratio (SNR ∼ 20.28dB), a wide bandwidth (∼ 47.11%), a negligible cross-talk level
between adjacent elements (∼ −70dB), and a high spatial resolution (∼ 610mm) at different depths.
The “island-bridge” layout offered biaxial stretchability of more than 50% with minimal impact on the
transducer performance, which allowed the device to work on nonplanar complex surfaces. With these
unique properties, the device could obtain three-dimensional (3D) images of complex defects under
flat, concave, and convex surfaces.

Figure 3.3: (Schematics and design of the stretchable ultrasonic transducer array designed by [64]. (A) The
high-performance 1–3 composite with periodic piezoelectric rods embedded in an epoxy matrix (B) The device
conforms to complex surfaces and under mixed modes of stretching and twisting, demonstrating the mechanical
compliance and robustness of the device.

Later on, the same group developed a conformal ultrasound device to capture blood pressure wave-
forms at deeply embedded atrial and venous sites [64]. Their device was ultrathin (240µm) and stretch-
able (with strains up to 60%), and enabled the non-invasive, continuous, and accurate monitoring of
cardiovascular events from multiple body locations, which should facilitate its use in a variety of clini-
cal environments. The device itself consisted of high-performance rigid 1–3 piezoelectric composites
(Smart Material Corp.) with soft structural components, resulting in an ultrathin (24µm) and highly
elastic medical ultrasonic probe (Figure 3.3). The anisotropic 1–3 composite, with improved acoustic
coupling to tissue, achieved a 400µm axial resolution at a working frequency of 7.5MHz. The piezo-
electric composite design enhanced longitudinal coupling, and the rigid transducer elements were thin
(0.9×0.9mm2) for deep tissue penetration with minimal skin loading. Stretchable electrodes, fabricated
through bilayer stacking of polyimide (PI) and copper (Cu), connected a 4×5 array of transducers. The
array, designed for vessel mapping, included 20 stimulating electrodes for individual transducer ad-
dressing. The elements of the device, softly laminated on the skin, could be individually activated with
low power consumption (23.6 mW). It captured pulsating blood vessel diameter dynamically with high
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spatial (axial resolution of 0.77µm) and temporal (500µs) resolution. Encapsulated in a thin silicone
elastomer with a skin-like modulus, the device was hydrophobic, protecting it from sweat corrosion.
The ultrasound patch was flexible and robust, conforming to both developable and non-developable
surfaces, making it highly suitable for skin integration applications.

Figure 3.4: (Schematics and design of the Doppler ultrasonic transducer array designed by [65]. (A) The device
continuously transmits ultrasound waves and receives echoes from a moving scatterer (such as red blood cells).
(B) Schematics (left) and exploded view (right) of the device structure. ACF, Anisotropic Conductive Film.

Wang et al. introduced a flexible Doppler ultrasound device for the continuous monitoring of the ab-
solute velocity of blood flow in deeply embedded arteries based on the Doppler effect [65]. Their device
was thin (1 mm), lightweight (0.75 g), and skin-conforming fabricated with microfabrication technologies
(Figure 3.4). The fabrication process of the device began by spin coating a 10µm thick polyimide (PI)
film on a silicon wafer, followed by curing and deposition of a 400nm thick copper (Cu) layer. The
Cu layer was etched into desired patterns using photolithography. Soft substrates were created us-
ing machined Cu molds filled with Ecoflex, resulting in top and bottom substrates. The PI film with a
shaped Cu conductor was transferred to these substrates. Two films with top and bottom electrodes
were patterned by dry etching, and 1-3 piezocomposite transducers (Baoding Xinwei Dianzi Technology
Co. Ltd.) were bonded to the bottom electrode. The top electrode was then bonded, and the device
was encapsulated in Ecoflex within a designed mold and vacuumized to eliminate interfacial gaps and
later cured at room temperature for 3 hours. Compared to the clinical ultrasound machine, their de-
vice avoided complex imaging (for Doppler angle measuring), required no experienced operator, and
applied much smaller pressure, thus helping with long-term monitoring. Compared to other blood flow
monitoring technologies, it could provide the absolute velocities of all moving scatterers in the sample
range. The penetration performance of ultrasound made detecting arterial blood flow velocity possible
at a depth of at least 25 mm. The frequency of the device was 5 MHz.

Figure 3.5: Schematics and design of the ultrasonic transducer array designed by [16]. Model of (A) the phased-
array transducer and (B) the ICE catheter.

Han et al. designed and fabricated a phased-array ultrasonic transducer using 1-3 piezocomposite
with minimal transducer size for intracardiac echocardiography [16]. The piezocomposite was fabri-
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cated by the group using PZT and epoxy, with a pitch of 70µm, kerf of 20µm, and thickness of 170µm.
The phased-array transducer had 64 elements, the size of each element was 85µm × 1.3mm, the pitch
of the transducer was 100µm, and the kerf between the elements was only 15µm. In order to minimize
the transducer size, an encasing structure was used for the 1-3 piezocomposite, which connected the
upper surface of the composite directly to the flexible circuit board bonded to the lower surface as the
ground electrode (Figure 3.5). The size of the final fabricated transducer was 2 mm × 7.4 mm, and
the transducer was mounted on a 9 F (3 mm diameter) catheter, which could bend in four directions
and was primarily used for intracardiac echocardiography. According to their findings, the fabricated
transducer had a center frequency of 9 MHz with a bandwidth of 55%, an electromechanical coupling
coefficient of 0.66, and a peak-to-peak sensitivity of 150mV . The crosstalk levels were analyzed as
well. It was found that the maximum cross-talk values at the center frequency were −34.5, −36.4, and
−38.9dB for the first, second, and third adjacent elements respectively, which was said to be sufficient.
The penetration depth of the transducer was 100 mm. Lastly, the spatial resolutions and imaging per-
formance were demonstrated with wire-phantom measurements. According to the results, the axial
spatial resolution was 188µm and the SNR of the images of the wire phantom was higher than 30dB.
This study showed that this transducer with its compact design and construction could bring higher
performance for the single-use disposable ICE catheter.

Moldovan presented the development of a miniature 1-3 connectivity piezocomposite 1D phased
array for intracorporeal sonoporation, intended for incorporation into a capsule or catheter (Figure 3.6)
[39]. The primary design constraint was the small size of the piezoelectric element (2.5 mm width, 12
mm length). Simulation and optimization were employed to determine specifications for phased array
designs, considering resonance frequencies of 1.5 MHz and 3.0 MHz. Devices made with PZT-5H and
PMN-29%PT were evaluated, and prototypes were manufactured using the dice and fill technique. The
arrays were tested in vitro, inducing and controlling the sonoporation of a human cell layer. A 1.5 MHz
PZT-5H array was implemented in a biocompatible capsule for in vivo operation, with scanning tank
characterization showing correlation with the simulation framework. The peak negative pressure was
investigated to evaluate the acoustic field of the ultrasound transducer. According to his results, the
spatial resolution of the designed arrays was 0.2 mm and the penetration depth was 7 mm. However
the application was slightly different from the desired application of this work as Moldovan aimed for
a therapeutic ultrasound, the design considerations are useful. Considering the formerly presented
devices, it is advised to use similar materials and methods for the ultrasound transducer of the current
study.

Figure 3.6: Schematics and fixture for flexible PCB bonding of the ultrasonic transducer array designed by [39].
(A) Schematic Side View; (B) Top View .



4
Device Development

4.1. Concepts
A key design objective was to prioritize simplicity in order to effectively demonstrate the proof-of-concept
of a device that is simultaneously able to collect electrical and mechanical signals from the same lo-
cation of the atrial tissue. For this reason, bulk piezoelectric transducers were selected as ultrasound
transducers. For the electrode array of this study, the previously designed electrode array (EGM array)
for the atrial mapping was taken as the base as the concept has been demonstrated to work for this
application [67]. The integration of the two devices comes with several challenges if the goal is to simul-
taneously record with both devices from the same area of interest. It is desired to position the devices
beneath each other to be able to visualize the same area of interest. This way the electrodes will record
the electrical activity on the surface of the heart where the electrode touches the atrial tissue, while the
ultrasound transducer will focus on the whole depth of the atrial tissue. However, it is important to con-
sider that the electrode array has to be in contact with the tissue to properly collect data. Therefore, the
ultrasound transducer can only be placed underneath. This raises the issue of propagating ultrasound
through the electrode array. It has been demonstrated before that imaging through the electrode array
with a standard high-frequency transducer does not provide the desired results [3]. As outlined before,
if the ultrasound passes several media with different acoustic impedances, the attenuation will lead to
losses in the ultrasound, and reflections from other media than the field of interest will cause unwanted
echoes (Chapter 2). As fully ultrasound transparent electrodes are not commercialized, it would be
beneficial to find a solution that would minimize the attenuation [4]. For this reason, it is proposed to
use piezoelectric rings in a way that the rings and the electrodes are centered, and that the size of the
inner diameter of the ring is slightly larger than the electrode, thus the placement of the electrodes does
not lead to ultrasound loss.

One of the proposed solutions to this problem is to create holes in the polyimide substrate around
the electrodes in a way that the polyimide does not interfere with the propagation of ultrasound. The
transducer chosen for this concept is ring-shaped for which the cavity in the transducer annular ring is
slightly larger than the electrode being concentrical to each other with an acoustic impedance for the
transducer close to the human tissue. Considering the literature, an acoustic impedance of 4 MRayl is
achievable with 1-3 piezocomposite made out of PZT 5H and epoxy [6]. This way the attenuation of
the acoustic waves is expected to be minimal as there is no obstacle between the tissue and the trans-
ducer. This configuration is referred to as Idea I. further on, its concept is presented in Figure 4.1. The
advantage of this concept is that no matching layer is needed, thus the fabrication is less complex. The
disadvantage is that 1-3 piezocomposite transducers have lower efficiency than ceramic transducers
due to high dielectric and mechanical energy losses.

Another proposed solution to minimize the loss of ultrasound is to use the polyimide of the electrode
array as a matching layer between the transducer and the tissue by choosing its thickness accordingly.
Polyimide is a suitable material for a matching layer as its acoustic impedance is 3.6 MRayl, as the
acoustic impedance of the matching layer should be the geometrical mean of the tissue (1.6 MRayl)
and the transducer as outlined before in Chapter2. Therefore, choosing a transducer with a relatively
low acoustic impedance, such as a 1-3 piezocomposite with an acoustic impedance of 8.4 MRayl
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Figure 4.1: Idea I. Preliminary concept of the integration of ultrasound transducers and electrode arrays using
1-3 piezocomposite as ultrasound transducer and holes in the polyimide of the electrode array. The holes ensure
that there is no media between the tissue and the transducer which would affect the quality of the ultrasound. (a)
presents the 3D view of the concept, (b) is a cross-section by the diameter of the transducer.

would be sufficient for this solution. This concept differs from Idea I. in a way that there are no holes
in the polyimide of the electrode array and the intact polyimide is used as a matching layer between
the tissue and the 1-3 piezocomposite ring leveraging existing resources and converting obstacles
into opportunities. This concept is referred to as Idea II. further on, and it is illustrated in Figure 4.2.
The advantage of this concept is that it integrates the existing resources, the polyimide substrate of
the electrode array into the ultrasound transducer, and the mechanical robustness of the electrode
array is higher as there are no holes in it. The disadvantage is that the fabrication of a matching
layer is a complex procedure and 1-3 piezocomposite transducers have lower efficiency than ceramic
transducers.

Figure 4.2: Idea II. Preliminary concept of the integration of ultrasound transducers and electrode arrays using 1-3
piezocomposite as ultrasound transducer and the polyimide of the electrode array as a matching layer between the
transducer and the tissue. This ensures that the energy loss is minimal for the ultrasound while using the existing
resources, the polyimide of the electrode array. (a) presents the 3D view of the concept, (b) is a cross-section by
the diameter of the transducer.

The third proposed concept for optimal transducer design for this problem is using conventional
piezoelectric transducers with a matching layer and similarly to Idea I., holes in the electrode array. PZT
5H with an acoustic impedance of 34.2 MRayl is proposed to be used for the ultrasound transducer
with a corresponding matching layer with an acoustic impedance of 7.16 MRayl to ensure that the
acoustic impedance of the matching layer is the geometrical mean of the transducer and the tissue
(1.6 MRayl). The holes in the polyimide of the electrode array aim to ensure that the electrode array
does not attenuate the ultrasound significantly. This concept is similar to Idea I. as it aims to eliminate
the obstacles of the electrode array by extracting the material in the locations where ultrasound is
supposed to propagate. However, it uses conventional PZT 5H material for the transducer as it is more
accessible. This concept is referred to as Idea III. further on, and it is illustrated in Figure 4.3. The
advantage of this concept is using conventional piezoelectric transducers, which are more accessible
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and have higher efficiency than 1-3 piezocopmosites to low dielectric and mechanical energy losses.
The disadvantages are that fabricating matching layers is a complex procedure and the mechanical
robustness of the electrode array is lower due to the presence of holes in the polyimide substrate.

Figure 4.3: Idea III. Preliminary concept of the integration of ultrasound transducers and electrode arrays using
PZT 5H as ultrasound transducer with a matching layer and holes in the polyimide of the electrode array. This
ensures that the energy loss is minimal for the ultrasound while using conventional ultrasound transducers. (a)
presents the 3D view of the concept, (b) is a cross-section by the diameter of the transducer.

4.2. Simulations for Optimal Design Parameters
4.2.1. Design Considerations
The viability of the ideas has to be considered by examining the behavior of the different configurations.
This was done by analyzing the pressure field created by the transducer by examining the acoustic
intensity and the total acoustic pressure in the field of interest. Moreover, the fabrication limitations
have to be considered regarding the scope of the project. The geometrical constraints need to be
considered as well as the working environment is limited. The currently used electrode array is 46 mm
x 16 mm, thus it is favorable to keep the size of the designed device around this size while minimizing
the thickness to maintain flexibility and to ensure that the device fits appropriately within the confined
area of interest. In order to maximize the field of view both in the electrical and mechanical domains,
the number of ultrasound transducers and electrodes should be maximized as much as the size allows.
As the goal is to image the atrial tissue, it is important to choose the transducer parameters accordingly.
The atrial tissue is approximately 5-7 mm thick, thus aiming for this length for the near-field is ideal.
The diameter and resonance frequency of the piezoelectric ring will determine the length of the near-
field (Equation 2.5). Furthermore, the resonance frequency will determine the axial resolution of the
transducer as highlighted before (Equation 2.4). However, choosing too high frequencies will result in
high attenuation as presented before (Equation 2.2).

The electrical interference of the electrode array and ultrasound transducer should be considered.
Conductive coupling can be avoided by using different grounding for the separate circuits. Capacitive
coupling on the other hand has to be considered, as there are two individual circuits. The interference
will depend on the impedance of the measurement system (Zi), the wiring (Zg), the capacitance be-
tween the measuring system and the aggressor (Cc), the aggressor signal itself (Un) based on the
equation presented on Figure 4.4. In the case of integration of the ultrasound system and the elec-
trode array, there are two sensitive measurement systems, suggesting that the following configurations
should be considered. Firstly, considering the electrograms as the signals and the ultrasound signals
are the interference. In this case, Ug is max 80 mV and in the range of 0.5 - 400 Hz [67], Cc depends on
the layout of the PCB, Un is max 600 mV [62] in the range of 40 MHz, Zg is impedance of wiring and the
electrode itself, Zi is the impedance of the electrogram measuring system. Secondly, the electrograms
are considered to be the signals, and the ultrasound pulser is the interference. This case is quite similar
to the previous one, except for the interfering signal Un, which can be around 100 V [62] and in the
range of 40 MHz. Lastly, considering the ultrasound signals as the signals and the record electrograms
as the interference. In this case, Ug is max 600 mV and in the range of 40MHz, Cc depends on the
layout of the PCB similarly to the first two cases, Un is max 80 mV in the range of 0.5 - 400 Hz, Zg =
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impedance of ultrasound transducer and wiring itself, Zi is the impedance of the ultrasound measuring
system. It can be seen that in every case the signal and interference are in a different frequency range,
thus the interference should not be a significant problem providing that there is sufficient filtering for
the ultrasound receiver and the electrogram receiver as well.

Figure 4.4: Capacitive coupling is a type of electrical interference, which needs to be considered for this device
[pertis 2022]. The effect of the noise on the signal is presented.

4.2.2. COMSOL Simulations
In order to achieve optimal parameters for the ultrasound transducer several finite element model sim-
ulations were conducted in COMSOL Multiphysics. Three different 2D axisymmetric models were built
for ideas shown in Figure 4.5. Figure 4.5 (a) illustrates Idea I., where the 1-3 piezocomposite transducer
has a low acoustic impedance and there are holes in the polyimide substrate around the electrodes.
Figure 4.5 (b) presents Idea II., where the polyimide of the electrode array is used as a matching layer
between the tissue and the transducer, thus the 1-3 piezocomposite transducers are chosen to have
an acoustic impedance of 8.4 MRayl. Figure 4.5 (c) depicts Idea III., where traditional PZT 5H is used
with a matching layer and holes fabricated in the polyimide substrate similarly to Idea I. The material
properties were set according to literature values. Solid mechanics physics was used to model the
mechanical behavior of the transducer. A roller boundary condition has been applied on the bottom of
the transducer. Piezoelectric material boundary condition has been applied to the transducer. Electro-
static physics has been used to simulate the stimulation of the transducer. The ground has been set on
the top electrode, while an electric potential of 10 V has been set on the bottom electrode. Piezoelec-
tric charge conservation boundary condition has been applied to the transducer. Pressure acoustics
physics in the frequency domain has been used to determine the behavior of the pressure field in the tis-
sue. A spherical wave radiation boundary was set on the outer edge of the tissue. Symmetry has been
applied along the axis of the symmetry. The attenuation coefficient of the tissue was set to literature
values. Out of the multiphysics modules, Acoustic-Structure Boundary has been applied to the surface
where the tissue meets the device. A Piezoelectric Effect module has been applied to the transducer.

(a) (b) (c)

Figure 4.5: The different design ideas for integrating the electrode array and the ultrasound transducer.

In order to obtain the optimal frequency, a parametric sweep was done in the frequency domain.
Based on the values of the literature, the chosen frequencies were between 3 MHz and 9 MHz (Chap-
ter 3), with 1 MHz step considering the commercially available transducers. As the thickness of the
transducer depends on the resonance frequency, it was set to be parametric in accordance with the
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resonance frequency. The total pressure fields and the intensity magnitude of the pressure field have
been analyzed in order to obtain information about the performance of the transducers. For example,
Figure 4.6 and 4.7 present the simulation results for Idea I. with a diameter of 5 mm for two different
resonance frequencies. Figure 4.6 shows the intensity magnitude of the pressure field. It can be seen
that the 9 MHz transducer has two higher-intensity areas, suggesting that echo signals from that area
will be stronger. Considering the intensity magnitudes, the 4 MHz transducer presents a more coher-
ent pressure field, suggesting that the echo signals would be more coherent than those from the 9
MHz transducer. Moreover, the 9 MHz transducer has more distinguished side lobes, causing strong
reflections from unwanted areas. Figure 4.7 shows the total acoustic pressure of the pressure field. Its
intensity correlates with the intensity magnitude, moreover, the wave behavior can be observed by the
alternating pressure values.

(a) 4 MHz transducer (b) 9 MHz transducer

Figure 4.6: Intensity magnitude of the pressure field for Idea I. with 5 mm aperture size.

(a) 4 MHz transducer (b) 9 MHz transducer

Figure 4.7: Total acoustic pressure of the pressure field for Idea I. with 5 mm aperture size.

In order to compare the results from all frequencies, the acoustic intensity values had been extracted
along the centerline of the transducer via the whole depth of the tissue, shown on Figure 4.8. The
preferred intensity magnitude has a coherent uniform shape, with higher intensity at the area of interest
(between arc lengths 0 and 7 mm).

Moreover, it is important to consider the axial resolution of the transducer. It can be calculated by
using the previously presented Equation 2.4, given that the speed of sound in tissue is c = 1480m

s and
the number of pulses is n = 3. Additionally, using the formula given in Equation 2.2 the attenuation can
be calculated for the examined frequencies. As the total traveled distance is twice the tissue thickness
l = 2 · 7mm, the attenuation coefficient in muscle A = 1.09 dB

MHz·cm . The attenuation and the axial
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Figure 4.8: Intensity magnitude along the centerline of the transducer via the whole depth of the tissue for reso-
nance frequencies between 3 MHz and 9 MHz. This figure is an example of Idea I. with d=5mm.

resolution in human muscle tissue are shown in Figure 4.9. The resolution should be below 1 mm
and the attenuation below 10 dB [21]. Based on the simulations and the calculations, a resonance
frequency of 4 MHz was chosen for the first prototype to compromise the attenuation and the axial
resolution.

Figure 4.9: The axial resolution and attenuation in human tissue of ultrasound for different resonance frequencies.

To obtain the ideal aperture, three different aperture sizes were examined for all three ideas. Aper-
ture sizes of 2 mm, 5mm, and 7mmhad been considered based on the fabrication limits of themanufac-
turer and the size limitations of the device. As the resonance frequency can change due to mechanical
load on the transducer, another parametric sweep was done with the fixed thickness correlating to the
4 MHz resonance frequency between 100 kHz and 5 MHz for all three ideas with all three aperture
sizes. The corrected resonance frequency can be determined by plotting the impedance of the trans-
ducer as the minimum peak of the impedance correlates with the corrected resonance frequency, while
the maximum peak corresponds to the antiresonance frequency. The difference between the nominal
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and corrected resonance frequencies can be explained by the fact that the resonance frequency can
decrease if there is a load on the transducer, such as an electrode array [24].

Obtaining the corrected resonance frequency, the total acoustic pressure fields were examined,
as they provided information about the acoustic intensity of the pressure field and the near-field of the
transducer. It can be seen in Figure 4.10, Figure 4.11, and Figure 4.12 that the intensity values are in the
range of 101 W

cm2 , which is an expected order of magnitude for these transducers [14]. Generally, it can
be observed that the intensity increases as the aperture size increases. Moreover, the higher intensities
represent the near field as outlined before in Chapter 2, it can be observed that as the aperture size
increases the length of the near-field increases in accordance with the theory (Equation 2.5).

(a) Aperture size of 2 mm (b) Aperture size of 5 mm (c) Aperture size of 7 mm

Figure 4.10: Acoustic intensity plots for Idea I. with the corrected resonance frequencies.

(a) Aperture size of 2 mm (b) Aperture size of 5 mm (c) Aperture size of 7 mm

Figure 4.11: Acoustic intensity plots for Idea II. with the corrected resonance frequencies.

(a) Aperture size of 2 mm (b) Aperture size of 5 mm (c) Aperture size of 7 mm

Figure 4.12: Acosutic intensity plots for Idea III. with the corrected resonance frequencies.

In order to compare the different aperture sizes for all of the ideas the acoustic intensity values were
extracted along the centerline of the transducer via the whole depth of the tissue, shown in Figure 4.13.
It can be observed that the acoustic intensity values of Idea I. and Idea II. are comparable, while Idea
III. presents significantly lower intensity values. This suggests that even with the use of the matching
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layer, using simple PZT 5H is less favorable than the use of piezocomposites. Moreover, the shape of
the intensity curve suggests which areas of the tissue would be imaged with higher reliability, as higher
acoustic intensity values mean that with the same attenuation, the strength of the echo signals would
be higher. According to Equation 2.5, the length of the near-field for a 4 MHz transducer with a diameter
of 2 mm is l = D2

4λ = 2.7 mm. The length of the near-field for a 4 MHz transducer with a diameter of
5 mm and 7 mm is 16.89 mm and 33.1 mm, respectively. This can also be observed on Figure 4.13.
Considering that the atrial tissue is 5-7 mm deep, aperture size of 2 mm is not sufficient for its imaging,
while aperture sizes of 5 mm and 7 mm are.

Figure 4.13: Acoustic intensities along the centerline of the transducer for Idea I., Idea II., and Idea III. with aperture
sizes of 2 mm, 5 mm, and 7 mm.

Furthermore, simulations have been conducted in order to determine how far the ultrasound trans-
ducers can be placed from each other so that the interference is minimal considering the simultaneous
usage of the transducers. For this reason, a 3D model has been set up with two transducers next to
each other for all three ideas with similar settings and boundary conditions to the previous simulations.
An example is shown in Figure 4.14, where Idea I. has been examined with a 0.1 mm distance between
the transducers. The intensity magnitude is displayed on a plane perpendicular to the transducers. It
can be observed that there is some interference between the transducers, approximately 0.8 W

m2 .

Figure 4.14: Acosutic intensities created by the two neighboring transducers for Idea I. with an aperture size of
5mm, and 0.1 mm distance between the transducers.
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In order to compare the interference for different distances, a parametric sweep was conducted,
where the distance between the transducers had been swept between 0.1 mm and 5.1 mm, in 0.5 mm
steps. An example is shown in Figure 4.15, where the acoustic intensities along the midline between
the two neighboring transducers had been plotted for Idea I. with an aperture size of 5 mm. It can be
observed that the acoustic intensity values are presenting a triangular shape, which can be explained
by the fact that the mesh size was not an integer multiple of the wavelength. According to the literature,
the typical rejection ratio interference is 60 dB [38], thus considering that the maximum of acoustic
intensity at the area of interest is 2 W

cm2 , the maximum allowed interference is 0.02 W
cm2 . Based on the

results, it can be determined that 8 mm between the center of the transducers should be sufficient to
minimize the interference if they are operated simultaneously.

Figure 4.15: Acoustic intensities along the midline between the two neighboring transducers for Idea I. with an
aperture size of 5 mm. The red line presents the maximum allowed interference according to [38].

Despite the relevant findings obtained from the COMSOL simulations regarding spatial information,
it is important to also highlight its limitations. First, the acoustic intensity and pressure values obtained
from the simulations may differ from actual measurements due to the omission of certain non-idealities,
such as assembly imperfections, the presence of traces in the electrode array, and the lack of en-
capsulation. Additionally, due to the inherent nature of simulations, the results can only serve as an
approximation. Therefore, it is preferable to evaluate the device design using experimental data. In
summary, the COMSOL simulations offered insights into the optimal design of the transducers, includ-
ing resonance frequency, aperture size, and transducer placement, which insights were incorporated
into the final design.

4.3. Final Design
4.3.1. Final Choice
Based on the results of the simulation it can be concluded, that Idea I. and Idea II. are more favorable
due to their better performance. Moreover, as the tolerance of the matching layer is in the range of
micrometers, the fabrication process of such a matching layer can be a long, time-consuming process.
Therefore, a solution without a matching layer is preferred. Thus Idea I. is the most feasible concept
for the first prototype, with an electrode array with holes above the 1-3 piezocomposite transducers
with the acoustic impedance of 4 MRayl. Furthermore, based on the results of the simulations, it can
be concluded that a resonance frequency of 4 MHz is optimal as the trade-off between axial resolution
and attenuation is acceptable.

Due to the spatial limitations, the recording components of the device have to be below 46 mm x 16
mm. In order to maximize the spatial resolution of the electrode array and the ultrasound transducer,
a smaller aperture size is preferred, as more transducers can be placed on the device. Therefore, the
aperture size of 5 mm has been chosen as the axial distance of the maximum acoustic intensity from the
electrode array is sufficient and it is smaller than the 7mmaperture size. Moreover, this allows for higher
conformity of the device. In total, this means 12 piezocomposite rings on one device, placed in 2 rows
with 6 rings in each row. The size of the electrodes has been chosen to be 0.45 mm as in the original
electrode array. This allows for not only placing electrodes above the ultrasound transducers but also
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placing them in between the transducers, maximizing the field of view while keeping the fabrication
limitations in mind. In total, the electrode array consists of 36 electrodes, of which 12 are above the
center of ultrasound transducers.

As the proposed device is a medical device, the chosen materials in contact with the tissue need
to be biocompatible. For the electrode array, gold electrodes were used, which is a standard electrode
material with relatively high conductivity. For the ultrasound transducer, the commercially available 1-3
piezocomposite has been chosen, consisting of PZT 5H and epoxy, with a fill factor of 11%. The rings
have been fabricated by Smart Materials. Lastly, it is important to create an encapsulation layer on the
device to ensure watertight insulation. A standard method for this purpose is parylene coating [31]. For
the first prototype 4µm thick parylene coating was chosen as it is proposed to be sufficiently thick to
ensure proper insulation and not too thick to severely affect the performance of the piezoelectric ring.

4.3.2. PCB Design

(a) All layers presented. (b) 3D view. Note: Altium Designer has a bug, thus
the coverlay numbering does not show in 3D view.

Figure 4.16: The design of the flexible PCB for the ultrasound transducer.

Two flexible PCBs have been designed for the device in Altium Designer. One PCB is for the
ultrasound transducers, while another is for the electrode array. Fabrication was done by PCBWay.
Both PCBs are made out of the standard flexible polyimide material, with standard copper traces and
a gold finish. The PCB of the ultrasound transducers consists of 2 layers. The active area of the PCB
is 46 mm x 15 mm, while the full size of the PCB is 58 mm x 15 mm, both in accordance with the
guidelines. The finished board thickness is 0.18 mm. It has 12 contact pads for the transducers and
a contact pad for the ground. The contact pads have a diameter of 5 mm and the distance between
their center is 8 mm based on the simulation results. The ground of the transducers is chosen to be an
aluminum foil on top of the transducers, thus providing shielding for the electrode array. This aluminum
foil is designed to be connected to the PCB manually. An FFC/FPC connector has been used with 16
contacts. A stiffener has been placed beneath the connector. A polygon pour has been applied for the
ground pour, providing shielding. The Altium Design files are shown in Figure 4.16.

(a) All layers presented. (b) 3D view.

Figure 4.17: The design of the flexible PCB for the electrode array.

The second PCB is for the electrode array, consisting of 4 layers. The active area of the PCB is 46
mm x 15 mm, while the full size of the device is 58 mm x 25 mm, applying the guidelines. The finished
board thickness is 0.23 mm. It has 36 electrodes in total, of which 12 have a hole around them to allow
the transmission of ultrasound with minimal energy loss. The electrodes have a diameter of 0.45 mm,
similar to the currently used array. An FFC/FPC connector has been used with 40 contacts. A stiffener
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has been placed beneath the connector. Similarly to the PCB for the ultrasound transducers, a polygon
pour has been applied for the ground pour, providing shielding. The Altium Design files are shown in
Figure 4.17. The fabricated PCBs had great flexibility although the copper polygon pour caused them
to be less flexible than flexible PCBs without copper polygon pour. Figure 4.18 presents the fabricated
flexible PCBs.

Figure 4.18: The flexible PCBs fabricated by PCBWay.

4.3.3. Overview of Device and Intended Usage

Figure 4.19: Preliminary concept of the integration of ultrasound transducers and electrode arrays using 1-3
piezocomposite as ultrasound transducer and holes in the polyimide of the electrode array. The electrical signal
travels through the tissue during the contraction of the heart muscles, which are being recorded by the electrode.

The proposed device consists of two parts, an electrode array and a device with ultrasound trans-
ducers, mounted on top of each other. The electrode array is designed to be in contact with the tissue,
thus it can collect the electrical signals of the atrial tissue. The ultrasound transducer rings are placed
beneath them to be able to collect data from the same area of the tissue. In order for the ultrasound
signals to propagate with minimal energy loss, holes are designed to be in the electrode array at the lo-
cations of the ultrasound transducers. The functions of the proposed device are shown in Figure 4.19
and Figure 4.20. These Figures are only to demonstrate the concept and the data expected to be
collected based on the previous electrode array of EMC and general pulse-echo response [67, 7].

The intended usage of the device with the recording systems is shown in Figure 4.21. The electro-
grams can be recorded with the TDT Electrophysiology workstation of the Bioelectronics Group. The
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Figure 4.20: Preliminary concept of the integration of ultrasound transducers and electrode arrays using 1-3
piezocomposite as ultrasound transducer and holes in the polyimide of the electrode array. The ultrasound waves
are transmitted into the tissue, and expected to be reflected due to different media, providing echo information of
the structure of the tissue.

Figure 4.21: Intended usage of the proposed device.

ultrasound transmission and receiving can be controlled by the Verasonics Vantage System of the Bio-
electronics Group. This setup is sufficient for measuring the signals, however as the regulations do
not allow them in the operating room, it is only to be used in research settings for the first prototype.
Considering the interference and cross-talk of the two devices it is advised to not receive electrograms
while transmitting ultrasound at the same time as the expected electrogram signals are in the range of
millivolts, while the transducers need at least 10 V to be driven, and the input range of the electrophys-
iology recording systems are also in the range of millivolts, potentially causing saturation. Moreover, it
is advised to only operate one piezoelectric ring at a time, so that transducers do not record the pulse
of their neighbors, only their own echoes. For this reason, the proposed sequence of operation is the
following:

1. Transducer number 1 transmits 2 pulses ftransmit = 4 MHz, ttransmit = 0.5 µs. No electrodes
are recording.

2. Transducer number 1 receives fsampling,V erasonics = 62.5MHz. All electrodes are recording
fsampling,TDT = 50kHz.

3. Transducer number 2 transmits. No electrodes are recording.
4. Transducer number 2 receives. All electrodes are recording. The sequence continues.
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This sequence allows for sufficient collection of electrical data as the speed of the conduction wave
in the atrial tissue is 80− 120 cm

s . This means that with the 4 mm interelectrode distance, the sampling
frequency of the electrodes shall be more than 50 Hz. The TDT system has a maximum sampling
frequency of 50 kHz, allowing for sufficient sampling.

4.4. Assembly
The assembly was done manually in the facilities of the Faculty of Electrical Engineering, Mathematics
and Computer Science of TU Delft. The assembly was done as shown in Figure 4.22. Testing of the
electrical connections was necessary after each step of the assembly. After both devices have been
tested, they can be combined with superglue carefully applied avoiding the transducers. In order to
measure the performance of the devices individually for reference, the devices have been assembled
completely, only fixed together with polyimide tape (Figure 4.23). Two devices have beenmade with this
method, where some of the issues of the first prototype have been avoided on the second prototype with
improved technique. The first prototype is referred to as Device number 1., and the second prototype
is referred to as Device number 2. further on. The steps of the assembly are the following:

1. Mount the FFC/FPC connector on the flexible PCB for the electrode array with EPO-TEK 301
conductive epoxy (Figure 4.22 a) ). Cure the epoxy at 120◦C for 5 minutes with the help of a hot
plate. Check for short circuits, and ensure that the connection is proper.

2. Encapsulate the device with a 4µm parylene coating (Figure 4.22 b) ). Ensure that the contact
pads of the connector and the electrodes are covered in polyimide tape, thus the parylene will
not coat them.

3. Mount the FFC/FPC connector on the flexible PCB for the ultrasound transducers with EPO-TEK
301 conductive epoxy (Figure 4.22 c) ) ). Cure the epoxy at 120◦C for 5 minutes with the help of
a hot plate. Check for short circuits, and ensure that the connection is proper.

4. Mount the ultrasound transducer rings on the flexible PCB for the ultrasound transducers with
EPO-TEK 301 conductive epoxy (Figure 4.22 d) - e) ). Ensure that the pad is completely covered
in a thin uniform layer of epoxy. Cure the epoxy at 90◦C for 3 hours. Ensure that the transducers
are stable. The piezoelectric rings used are listed in Table 4.1 and Table 4.2.

5. Mount the aluminum foil on top of the ultrasound transducer rings with conductive adhesive silver
paint (Thermo Fischer Scientific, 042469.10) (Figure 4.22 f) ). Ensure that the transducers are
completely covered in a thin uniform layer of paint. Cure the silver paint at 96◦C for 15 minutes.
Ensure that the connection is proper.

6. Connect the aluminum foil to the ground pad with a wire and conductive epoxy (Figure 4.22 g) ).
Ensure that the transducers are completely covered in a thin uniform layer of paint. Cure the silver
paint at 96◦C for 15 minutes. Cure the epoxy at 120◦C for 5 minutes. Ensure that the connection
is proper.

7. Encapsulate the device with a 4µm parylene coating (Figure 4.22 h) ). Ensure that the contact
pads of the connector are covered in polyimide tape, thus the parylene will not coat them.
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(a) Step 1. Mount the FFC/FPC connector on the
flexible PCB for the electrode array with EPO-TEK
301 conductive epoxy.

(b) Step 2. Encapsulate the device with a 4µm
parylene coating.

(c) Step 3. Mount the FFC/FPC connector on the
flexible PCB for the ultrasound transducers with
EPO-TEK 301 conductive epoxy.

(d) Step 4. Mount the ultrasound transducer rings
on the flexible PCB for the ultrasound transducers
with EPO-TEK 301 conductive epoxy.

(e) Step 4. All 12 piezoelectric rings mounted on
the flexible PCB.

(f) Step 5. Mount the aluminum foil on top of the ul-
trasound transducer rings with conductive adhesive
paint.

(g) Step 6. Connect the aluminum foil to the ground
pad with a wire and conductive epoxy.

(h) Step 7. Encapsulate the device with a 4µm
parylene coating. The end of the parylene can be
observed at the stiffener.

Figure 4.22: Steps of assembly.
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Ultrasound
Channel us1 us2 us3 us4 us5 us6 us7 us8 us9 us10 us11 us12

Piezoelectric
Ring Number p27 p26 p25 p28 p29 p30 p36 p35 p34 p31 p32 p33

Verasonics
Channel 81 85 86 87 88 92 91 90 89 93 94 95

Table 4.1: The ultrasound channels, the piezoelectric ring numbers, and the Verasonics Channels of Device
number one.

Ultrasound
Channel us1 us2 us3 us4 us5 us6 us7 us8 us9 us10 us11 us12

Piezoelectric
Ring Number p15 p14 p13 p16 p17 p18 p24 p23 p22 p19 p20 p21

Verasonics
Channel 81 85 86 87 88 92 91 90 89 93 94 95

Table 4.2: The ultrasound channels, the piezoelectric ring numbers, and the Verasonics Channels of Device
number two.

Figure 4.23: The ultrasound transducer and the electrode array fixed with polyimide tape for some measurements.
The 12 ultrasound channels are labeled.
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Results

5.1. Ultrasound Transducer Characterization
5.1.1. Impedance Measurement

Figure 5.1: Measurement setup of impedance measurements of the piezoelectric rings.

An impedance measurement was performed on the piezoelectric rings in order to obtain information
about their performance and functionality. The setup of the impedance measurement can be seen in
Figure 5.1. An MFIA 500 kHz / 5 MHz Impedance Analyzer (Zürich Instruments) was used to conduct
the measurement. The ultrasound transducer was placed in a beaker containing deionized water. A
PCB specifically designed for this project provided an interface for connecting the Impedance Analyzer
and the ultrasound transducer. Furthermore, this PCB can be used for manual transducer characteri-
zation and an interface for the Verasonics Ultrasound machine for further measurements. A frequency
sweep between 1 MHz and 5 MHz has been performed with approximately 3kHz steps to acquire
500 data points. The phase and the absolute impedance of the piezoelectric transducers have been
collected. This was compared with the data provided by the manufacturer of the piezoelectric rings
(Figure 5.2). The expected behavior of the rings can be observed, the minimum peak of the absolute
impedance correlates with the resonance frequency of the transducer, while the sharp peak after the
resonance frequency corresponds with the antiresonance frequency.

The impedance and phase of a few selected piezoelectic rings are shown in Figure 5.3. The labels
of the rings are listed in Table 4.1. The rest of the rings on this device have an impedance in the range
of kOhm according to the impedance measurement, suggesting that they are not properly connected
or encapsulated, leading to short circuits, thus not presented. Piezoelectric rings p25 and p29 present
clear distinguished peaks in impedance, suggesting that they will operate properly. Their resonance
frequency decreased to approximately 3.8 MHz, which is normal behavior due to manual assembly [12].
Ring p30 presents less distinguished peaks in impedance, which suggests that further measurements
are needed to evaluate if the ring would operate as expected. Ring p35 presents a proper connection,

34
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Low Field Impedance Analysis

Material PZT 5H

Sample Description X331-13

Notes 50-90-12%

Measured by WA 010324

Date / Time

Sample Capacitance Measurement

Ring Frequenzy [kHz] 1.000000

Electrode-Distance [mm] 0.359 Capacitance [nF] 0.432697

Electrode-Area [mm²] 19.476 tand [1E-4] 420

eps(rel) 901

Measurement Conditions Resonance Measurement

Averaging 1 f(min) [kHz] 4062.878

Voltage [V] 0.500 f(max) [kHz] 4692.120

Bias-Voltage [V] 0.000 Q(mech) 20

Q (3dB) 21

B (3dB) [kHz] 190.236 (5%)

keff [%] 50.02

kt  [%] 53.93

X331-13
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Figure 5.2: Impedance and phase of one piezoelectric ring as an example, provided by the manufacturer.

1 2 3 4 5
Frequency [MHz]

0

50

100

150

200

250

300

350

400

|Im
pe

da
nc

e 
[O

hm
]|

p25.txt

1 2 3 4 5
Frequency [MHz]

0

50

100

150

200

250

300

350

400

|Im
pe

da
nc

e 
[O

hm
]|

p29.txt

1 2 3 4 5
Frequency [MHz]

0

50

100

150

200

250

300

350

400
|Im

pe
da

nc
e 

[O
hm

]|
p30.txt

1 2 3 4 5
Frequency [MHz]

0

50

100

150

200

250

300

350

400

|Im
pe

da
nc

e 
[O

hm
]|

p35.txt

70

60

50

40

30

20

10

0

10

Ph
as

e 
[d

eg
]

70

60

50

40

30

20

10

0

10

Ph
as

e 
[d

eg
]

70

60

50

40

30

20

10

0

10

Ph
as

e 
[d

eg
]

70

60

50

40

30

20

10

0

10

Ph
as

e 
[d

eg
]

Impedance and Phase of Device no1 in water

Figure 5.3: Impedance and phase of Device number one.

however, the piezoelectric behavior is not observable. This suggests that the ring might have lost its
piezoelectric property during assembly.

The impedance and phase of Device number 2 are presented in Figure 5.4. The labels of the rings
are listed in Table 4.2. It can be seen that only a few piezoelectric rings present the expected behavior.
Piezoelectric rings p13 and p16 present a distinguished peak in phase and impedance, suggesting that
they will operate as expected. It can be seen that the resonance for both of these rings increased to
approximately 4.1 MHz, which is normal behavior as the resonance frequency can change due to load
on the transducer [12]. Piezoelectric rings p21 and p24 have an impedance in the order of kOhms, thus
not presented on this axis. This suggests that they are not properly connected or the encapsulation
with the parylene was insufficient and the transducer got shorted via the water. The rest of the rings
on this device have an impedance in the range of a few hundred Ohm, suggesting that the connection
is proper, however, they do not present a distinguished peak in the range of the examined frequencies.
This might be explained by the fact that in some cases the resonance frequency increases significantly
after manual assembly [12]. The behavior of the phase correlates with this theory. The impedance
and phase measurements were useful to obtain an initial insight into the proper functionality of the
piezoelectric rings. In order to evaluate the device for its designed functionality, further measurements
are needed.
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Impedance and Phase of Device no2 in water

Figure 5.4: Impedance and phase of Device number two. The clear distingushed peaks in impedanace can be
observed in piezoleoectric rings number p13, p16. Piezoelectric rings number p21 and p24 have an impedance
in the range of kOhms, most likely due to not being properly connected or insufficient encapsulation which lead to
short circuit via the deionized water.
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5.1.2. Pressure Field Measurement
To test the functionality of the piezoelectric transducers, measurements in the watertank have been
conducted. The measurement setup can be seen in Figure 5.5. A function generator (RIGOL DG4202)
serves as the acoustic source, which is connected to the custom-made PCB as an interface for con-
necting to the ultrasound transducer. The device is fixed on a custom-made holder, and deployed in
deionized water, which serves as a media for the pressure field measurements. As there were sev-
eral challenges with the parylene encapsulation, an ultrasound transparent membrane was used to
protect the device and ensure water-tightness. A 10um Fibre-optic hydrophone (Precision Acoustics)
is employed for ultrasound reception, which is connected to an oscilloscope. The hydrophone has dif-
ferent sensitivities for different frequencies, thus it had to be set correctly. The function generator and
the oscilloscope are connected to a computer, from where both devices can be controlled through a
MATLAB software developed by our research group. The schematics of the coordinate system of the
hydrophone are shown in Figure 5.6.

Figure 5.5: The measurement setup presenting the device in the watertank.

Different measurements have been conducted to characterize the ultrasound transducer with and
without the electrode array fixed on it. First, it needed to be determined if the examined piezoelectric
transducer was functioning as expected. The transducers were excited with a 10 Vpp 4 MHz signal
consisting of 2 pulses with a 50% duty cycle, while the hydrophone was positioned approximately in
the middle of the transducer 5 mm away from it. It was found that one pulse is not sufficient for the
transducers to vibrate. Figure 5.7 presents an example of data collected by the oscilloscope of the de-
sired ultrasound signal. The initial microsecond of the signal appears to be electrical interference, likely
originating from the measurement setup. The sinusoidal waves observed around 5-6 µs correspond to
the ultrasound signals detected by the hydrophone. The remaining portion of the signal predominantly
consists of noise from the oscilloscope. Several piezoelectric rings have been examined in order to
evaluate them. It has been found that the rings for which an impedance in the range of kOhms have
been measured during the impedance analysis cannot produce ultrasound, and the rings that have an
impedance in the range of a hundred Ohms but did not have a clearly distinguished peak in impedance
at the resonance and antiresonance frequency also did not produce ultrasound with the current set-
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Figure 5.6: The schematics of the coordinate system of the hydrophone for scanning.

tings. This leaves five piezoelectric rings in total (p13, p16, p25, p29, and p30), of which three have
been chosen to be characterized fully in accordance with Table 4.1, Table 4.2 and Figure 4.23 (p13
- ultrasound channel number 3 on Device number 2, p16 - ultrasound channel number 4 on Device
number 2, p25 - ultrasound channel number 3 on Device number 1). On Figures 5.8, 5.9, 5.10, 5.11,
5.12 subfigures a) and b) present the data collected on ultrasound channel number 3 of Device number
1. subfigures a) and b) present the data collected on ultrasound channel number 3 of Device number
1. Subfigures c) and d) present the data collected on ultrasound channel number 3 of Device number
2. Subfigures e) and f) present the data collected on ultrasound channel number 4 of Device number 2.
Subfigues a), c), e) present the data collected with an electrode array fixed on the top of the transducer,
while Subfigures b), d), f) present the data collected from the transducer on its own.
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Figure 5.7: The pressure recorded by the hydrophone, displayed by the oscilloscope for Device number 1, ultra-
sound channel 3, for a 2 pulse excitation with 4 HMz 10 V.

The results are presented in Figure 5.8 of voltages corresponding to the pressure field in the center
of the transducer 5 mm away from it for the selected piezoelectric transducers with an excitation of
4 MHz with an amplitude of 10 V, 2 pulses. The pulses highlighted in red are the desired ultrasound
pulses as they are sinusoidal and they correlate with the 2 pulses of excitation. The signals following
the ultrasound pulse signals are most likely echoes from the surface of the water or the wall of the
watertank. It can be concluded that two pulses are sufficient for the ultrasound transducer to vibrate.
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It is suggested that without the electrode array, the received signals are stronger as the signals have
a higher amplitude in general. However, the ratio between the signals with and without the electrode
array is not consistent, suggesting that the addition of the electrode array to the ultrasound array does
not produce predictable pressure fields, thus needing individual characterization.

Figure 5.8: The voltage corresponding to the pressure field in the location of the highest pressure values for
different piezoelectric transducers with an excitation of 4 MHz with an amplitude of 10 V, 2 pulses. subfigures
a) and b) present the data collected on ultrasound channel number 3 of Device number 1. Subfigures c) and d)
present the data collected on ultrasound channel number 3 of Device number 2. Subfigures e) and f) present the
data collected on ultrasound channel number 4 of Device number 2. Subfigues a), c), e) present the data collected
with an electrode array fixed on the top of the transducer, while Subfigures b), d), f) present the data collected
from the transducer on its own. The pulses highlighted in red are the desired ultrasound pulses, and the signals
following are most likely echoes.
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To evaluate the quality of the pressure field and the lobe of the transducer further measurements
were conducted with the same measurement setup. The piezoelectric transducers were excited with a
10 Vpp 4 MHz signal consisting of 100 pulses with a 50% duty cycle to obtain high contrast pressure
fields. First, to find the location of the highest intensity, the center of the beam, low-resolution scans
were done in the yz plane. After it had been localized, a high resolution, 5 x 5 mm wide scan was done
in the yz plane approximately 7 mm away from the transducer with a 250µm step around the center of
the beam for all examined transducers with and without electrode array. The results are presented in
Figure 5.9. It can be observed that in most cases it was possible to achieve 30 - 40 kPa pressure with
the current settings. Examining the chosen transducers, it can be seen that there is no clear correlation
between the changes in the pressure field in the presence of the electrode array.
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Figure 5.9: The pressure field in the yz plane for all the examined transducers. a) and b) present the data collected
on ultrasound channel number 3 of Device number 1. c) and d) present the data collected on ultrasound channel
number 3 of Device number 2. e) and f) present the data collected on ultrasound channel number 4 of Device
number 2. a), c), e) present the data collected with an electrode array fixed on the top of the transducer, while b),
d), f) present the data collected from the transducer on its own.
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For examining the shape of the lobe, the normalized pressure field of the yz scans are presented
in Figure 5.10. It can be seen that most lobes have a diameter of 2-3 mm, and the presence of the
electrode array does not seem to affect it significantly. Moreover, the shape of the pressure field of
ultrasound channel number three of device one is a concentric ring, as the pressure field for these
transducers should be. The other transducers do not present this behavior, however, that might be due
to not perfect positioning as it was done manually.
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Figure 5.10: The normalized pressure field in the yz plane for all the examined transducers. Subfigures a) and
b) present the data collected on ultrasound channel number 3 of Device number 1. Subfigures c) and d) present
the data collected on ultrasound channel number 3 of Device number 2. Subfigures e) and f) present the data
collected on ultrasound channel number 4 of Device number 2. Subfigues a), c), e) present the data collected with
an electrode array fixed on the top of the transducer, while Subfigures b), d), f) present the data collected from the
transducer on its own.
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Afterward, a high-resolution 10 x 5 mm scan in the xy plane was conducted at z being fixed at
the center of the lobe with a 250µm step to examine the lobe from the side view with and without the
electrode array. The results are shown in Figure 5.11. It can be observed that generally, the lobe has an
oval shape as expected, while the maximum pressure values correlate with the yz scan except for d2
us3. Similarly to the yz scan, the presence of an electrode array does not seem to have a well-defined
effect on the pressure field. It can be observed that the pressure values do not change significantly up
until 8 mm away from the transducer.
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Figure 5.11: The pressure field in the xy plane for all the examined transducers. Subfigures a) and b) present
the data collected on ultrasound channel number 3 of Device number 1. Subfigures c) and d) present the data
collected on ultrasound channel number 3 of Device number 2. Subfigures e) and f) present the data collected on
ultrasound channel number 4 of Device number 2. Subfigues a), c), e) present the data collected with an electrode
array fixed on the top of the transducer, while Subfigures b), d), f) present the data collected from the transducer
on its own.
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For examining the shape of the lobe, the normalized pressure fields of the xy scans are presented
in Figure 5.12. It can be seen that the lobe is 2-3 mm wide in the near-field. The shape of the lobe
of ultrasound channel number 3 of Device number two looks perfectly aligned with the scanning plane,
thus presenting coherent behavior.
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Figure 5.12: The normalized pressure field in the xy plane for all the examined transducers. Subfigures a) and
b) present the data collected on ultrasound channel number 3 of Device number 1. Subfigures c) and d) present
the data collected on ultrasound channel number 3 of Device number 2. Subfigures e) and f) present the data
collected on ultrasound channel number 4 of Device number 2. Subfigues a), c), e) present the data collected with
an electrode array fixed on the top of the transducer, while Subfigures b), d), f) present the data collected from the
transducer on its own.
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Afterward, a frequency sweep between 2 and 5 MHz was conducted in the center of the beam, 5
mm away from the transducer with a step of 100 kHz. The sensitivity-corrected results are shown in
Figure 5.13 a). It can be seen that there is a peak in pressure around 3.5 MHz for all transducers,
suggesting that the resonance frequency decreased. Lastly, a voltage sweep was conducted between
1 and 10 V in the center of the beam, 5 mm away from the transducer with the corrected resonance
frequency for all transducers with and without electrode array. The results are presented in Figure 5.13
b). It can be seen that generally, the transducers produced more pressure without the electrode array.
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Figure 5.13: Voltage and frequency sweep for the examined transducers. EGM means that the electrode array
was mounted on the ultrasound transducer.

5.1.3. Pulse - Echo Measurement

Figure 5.14: The measurement setup for the pulse-echo measurements with the Verasonics ultrasound machine.

Preliminary measurements have been conducted to observe the pulse-echo response of the ultra-
sound transducers with the electrode array. The measurement setup can be observed in Figure 5.14.
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The Device has been put into a beaker containing deionized water, and connected to the Verasonics
Ultrasound Machine with the custom PCB while being encapsulated by an ultrasound transparent mem-
brane. Twelve analog channels (CH81, CH85, CH86, CH87, CH88, CH89, CH90, CH91, CH92, CH93,
CH94, CH95) were used to connect all of the transducers to the Ultrasound Machine in accordance
with Table 4.1 and Table 4.2. The Verasonics Ultrasound Machine can be programmed in MATLAB. A
custom program has been made in order to test the pulse-echo response of the transducers. The pro-
gram consisted of exciting the selected transducer with two 4MHz pulses with 10 V amplitude and then
receiving with all of the transducer. The echoes are expected from the side of the beaker. After starting
the measurement, the beaker has been moved away relative to the transducer. As this measurement is
preliminary, the transmit function of only one transducer have been tested, ultrasound channel number
3 of Device number one.
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Figure 5.15: The recorded signals of all of the channels of the Verasonics Ultrasound Machine.
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Figure 5.16: The recorded signals of the ultrasound channel number 3 of Device number 1 by the Verasonics
Ultrasound Machine.
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First, the received data from all piezoelectric transducers have been analyzed while the chosen
transducer was transmitting. Figure 5.15 presents the recorded signals in all of the 128 channels of the
Verasonics. It can be seen that all of the channels that are connected to the transducers do receive
strong signals from a close distance with a time delay below 0.005 ms, and weaker signals from further
away with a time delay above 0.005 ms. The former is suggested to be the interference from the
excitation of the active transducer, while the latter is suggested to be noise. This indicates that all of
the transducers of Device number 1 are capable of receiving ultrasound signals. The received signals
in the time domain are shown in Figure 5.16 as an example in two different times. It can be seen that in
the first few microseconds, the received signals are saturated, these signals are the voltage applied on
the transducer for transmission. In both subfigures it can be observed that there are some significant
peaks in the signal, with a higher time delay later on, suggesting that the object of which these echoes
occurred moved away. This suggests that these echoes are from the side of the beaker as there was
nothing else in the water and the beaker was moved away from the transducer. The full video can be
found at [40].

5.2. Electrode Array Characterization
5.2.1. Impedance Measurement
A preliminary measurement has been conducted to evaluate the fabricated electrode array with elec-
trochemical impedance spectroscopy and to analyze if the holes in the polyimide have an effect on the
electrode quality [25]. The measurement setup is presented in Figure 5.17. The electrodes were put
in a phosphate-buffed saline (PBS) medium, which is a standard conductive medium for spectroscopy.
The electrode array was connected to a custom-made PCB, which can be used for electrode char-
acterization and connecting the electrodes to the TDT Electrophysiology workstation. A PalmSense
4 potentiostat was used to collect the data. A frequency sweep between 1 Hz and 1 MHz has been
conducted, while the impedance of the electrodes has been measured individually. Every electrode of
an electrode array has been measured.

Figure 5.17: The measurement setup for electrochemical impedance spectroscopy to measure the impedance of
the electrodes of the electrode array.
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Figure 5.18: The measured impedance for all 32 electrodes of one electrode array for the chosen frequency range
to analyze if the holes affect the quality of the electrodes. The red lines represent the electrodes with a hole around
them, while the blue lines represent the rest of the electrodes.

The results of the measurements are presented in Figure 5.18. The impedance of the different
electrodes of the electrode array is displayed over frequencies between 1 Hz and 1 MHz. It can be
seen that the impedance ranges from 10 Ohm to 10 kOhm. The range of interest is between 1 Hz and
400 Hz as the electrograms collected on the surface of the heart are in that range, where the impedance
is in the range of kOhms [53]. All electrodes have the same range of impedance, suggesting that there
is no significant difference in impedance between the electrodes which have holes around them.



6
Discussion

First, this Chapter will discuss the relevance of the current study. Afterward, the observed results and
challenges are discussed, and recommendations are presented. Lastly, the limitations of the study are
detailed.

6.1. Relevance
The underlying causes of Arrhythmia, one of the most common heart diseases are still not yet fully
understood, thus the treatment is limited. Currently, the electrical activity of the heart tissue of patients
with Arrhythmia is researched, gaining more insight into the nature of the disease [67]. Due to a natural
phenomenon, the so-called electro-mechanical coupling the behavior of the electrical and mechanical
activity of the heart are closely linked together [19]. Thus it would be beneficial to simultaneously obtain
data on the electrical and mechanical properties of the same area of the heart tissue, which topic has
not been studied before. Thus it would be valuable to develop a device that is able to do so as no
previous works targeted this specific problem. The aim of this study is to explore possible solutions,
develop a prototype, and evaluate it.

6.2. Results
A device in which ultrasound transducers and an electrode array have been integrated was designed
and fabricated as a first prototype following the observations in the literature. In order to evaluate
the functionality of the device measurements were conducted to analyze the impedance of the ultra-
sound transducers, and the electrode array individually. It can be concluded from the results of the
impedance analysis of the ultrasound transducers presented in Figure 5.3 and Figure 5.4 that there
were five piezoelectric rings, which presented the expected behavior with sharp distinguished peaks
in impednace, suggesting that the proposed prototype can fulfill its purpose. While there were several
rings that presented optimal impedance and phase values, but not a distinguished peak, which might
be a consequence of manual assembly. Lastly, there are a few rings, which have an impedance in the
range of kOhms, suggesting that the transducers are not connected properly or that not encapsulated
properly, thus short circuited due to the water. The impedance measurements of the electrode array
presented in Figure 5.18 showed that there is no significant difference in impedance in electrodes with
and without holes around them, suggesting that the presence of the holes does not affect the quality
of the electrode.

Further measurements were conducted to analyze the pressure field created by the ultrasound trans-
ducers with and without the electrode array integration. The aim of these measurements was to prove
that the device is able to fulfill its purpose by creating sufficient pressure fields with the electrode array
integrated. Three transducers have been chosen randomly for characterization. It can be concluded
that the shape of the lobe and the length of the near-field correlates with the COMSOL simulation re-
sults (Figure 4.10 b and Figure 5.11 - Figure 5.12). Moreover, the obtained pressure values are in the
range of 30 - 40 kPa, which suggests that even with a 10 V amplitude excitation the transducers are
able to produce enough pressure for sufficient pulse-echo response [24]. The acoustically measured
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resonance frequencies are lower than the resonance frequencies measured with the Impedance Ana-
lyzer (Figure 5.3 and Figure 5.4), which might be due to the ultrasound transparent membrane applied
on the transducers for the acoustic measurements. The effect of the integration of the electrode array
on the acoustic qualities has been explored. Evaluating the results of the voltage and the frequency
sweep (Figure 5.13), it can be observed that the obtained pressure was lower in the presence of the
electrode array. However, other measurement results do not support this statement, suggesting that
further measurements would be needed to individually evaluate the transdcuers.

Lastly, preliminary measurements have been conducted to evaluate the pulse-echo response of
one transducer with the electrode array as a proof-of-concept with the use of the Verasonics Ultra-
sound Machine. It has been demonstrated that the device is capable of obtaining echoes of the glass
beaker while the excitation was 10 V 4 MHz with 2 pulses (Figure 5.16), suggesting that it might be
sufficient for measuring the thickness of the atria. Moreover, it is suggested that all transducers are
capable of receiving (Figure 5.15), which does not correlate with the results of the impedance analy-
sis (Figure 5.3 and Figure 5.4). The difference can be explained by the fact that for the impedance
analysis Device number 1 was only encapsulated with parylene, which might not have been sufficient,
thus the transducers might have gotten shorted not presenting the expected behavior, while for the
pulse-echo measurements, they were properly encapsulated by the ultrasound transparent membrane.
The suggestion of all transducers of Device number one receiving echoes does not seem to correlate
with the findings of the pressure field measurements, namely that only a few rings demonstrate piezo-
electric properties, however the intrinsic noise levels of the Verasonics Ultrasound Machine and the
hydrophone and oscilloscope are different, thus it could be the case that that the pulse signals col-
lected by the oscilloscope are below the noise level of the system, while the Verasonics is still able to
capture the echo signals. Future measurements would be needed to evaluate the axial resolution of
the device.

6.3. Challenges and Recommendations
During the assembly process, several challenges had to be overcome. One of the main challenges
of the assembly was to ensure proper connections with the epoxy for the connector. The conductivity
of the epoxy was lower than expected and handling the epoxy required precise manual skills. It is
recommended to ask for assembly for the connector from the manufacturer, thus saving time and
lowering the risk of improper connections. If that is not feasible, the use of solder paste is recommended
to mount the connector on the flexible PCB. Moreover, mounting the ground wire with epoxy on the
aluminum foil and the flexible PCB was challenging due to the lower-than-expected conductivity of the
epoxy. It is recommended to solder the wire onto the PCB before mounting the piezoelectric rings and
use silver paint to mount the wire to the aluminum foil.

Another challenge was to find the optimal amount of epoxy for the transducers to ensure that the
surface was properly coated with a thin uniform layer without overflow. It is important to create a thin
uniform surface for the ideal electric field and in order for the different piezoelectric rings to be at the
same height. However, an overflow of epoxy can cause shorts and alter the electric field in an undesired
way. It is recommended to use as little as possible, distributing it equally (Figure 6.1 a) ). Furthermore,
epoxy could be used as a backing layer with sufficient thickness due to its material properties, and
the air bubbles which can be formed in it. While generally the presence of a backing layer is desired,
it is hard to control the bubbles and thickness in this specific methodology, thus the outcome is not
predictable, making it an unfavorable solution. An alternative to epoxy is to use silverpaint on both
sides of the piezoelectric rings. It is desired to make the connection between the aluminum foil and the
piezoelectric rings as tight as possible, thus minimal silverpaint and curing under pressure were used
to achieve this. However, as one aluminum foil was used for all 12 piezoelectric rings, it is not possible
to achieve perfect connections with this method, as the rings might be at slightly different heights, and
using one block to create the pressure on them cannot provide perfectly equal pressure distribution. It
is suggested to put pressure on the rings individually. Furthermore, bubbles have been found between
the aluminum foil and the piezoelectric rings despite careful handling (Figure 6.1 b)). As that is the
desired side of transmitting ultrasound, air gaps can cause disruptions in that goal. To resolve this, a
small hole was made in the aluminum foil, and the air was carefully squeezed out.

Lastly, the parylene coating entailed several challenges, as the pads of connector needed to be
properly covered in order for the parylene not to get onto the connections, while the legs of the connector
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(a) Ideal amount of epoxy for mounting the piezo-
electric rings. After applying gentle pressure on
the ring and turning it slowly, the epoxy will be dis-
tributed equally.

(b) A bubble found between the aluminum foil and
the piezoelectric rings despite careful handling

Figure 6.1

should be sufficiently covered. For the first prototype only the pads were covered as shown in Figure 6.2,
however, ensuring proper covering was more challenging than expected and parylene needed to be
removed from the pads. As it is favorable to access the pads during debugging measurement and
testing, the second prototype did not receive parylene coating on the connector at all. This allows for
easy access for the pads during measurement debugging, however, for the final tests it is required to
fully coat the device.

Figure 6.2: Polyimide tape used for covering the pads of the connector where the cable is to be inserted, in order
to for it to not be covered in parylene.

6.4. Limitations
There are a few limitations of the thesis as it is a preliminary study. First, the budget limitations have
an effect on the size of the device. It would have been preferred to have a longer flexible PCB with
the same active area as the proposed prototype so that the connectors are further away from the
transducers and the electrode array. This would have allowed an easier assembly and eliminated the
need to encapsulate the connector, decreasing the challenges of the assembly. Some degradation
of the connector has been observed after the watertank measurements as presented on Figure 6.3,
suggesting that it is not advised to have the connector in contact with the water or ultrasound gel.
Moreover, for the final application having the connector close to the heart would increase risks. As
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this thesis is a preliminary study with the first prototype, it is suggested to design devices with the
same active area but with higher spacing between the connector and the electrodes and ultrasound
transducers.

Figure 6.3: Degradation of the connector on Device number one. Might be copper sulfate due to the degradation
of the bronze connector by applying voltage on it while being in the deionized water.

The manual assembly is a huge limitation of the study as it leaves a lot of room for human mistakes.
Furthermore, the repeatability and quality are less controllable. It is advised to eliminate manual as-
sembly as much as possible in the future. There are several limitations regarding the measurements
of the study due to time constraints. Not all of the transducers have been characterized, limiting the
sample size of the study. Moreover, the excitation voltage was only 10 V, which is advised to be in-
creased for higher pressure values if needed. As the noise from the measurement setup is higher
than expected (Figure 5.7), it would be favorable to increase the excitation voltage to obtain pressure
fields with higher contrast. Moreover, only the nominal resonance frequency has been examined for
this work due to time constraints. It is advised to conduct measurements with the corrected resonance
frequency. Furthermore, air bubbles affect the quality of the ultrasound beam as they attenuate ultra-
sound drastically, thus their presence should be minimized. Despite the careful handling, there might
have been some air bubbles in the silver paint between the piezoelectric rings and the aluminum foil,
or in the ultrasound gel applied on the aluminum foil to ensure the connection between the device and
the ultrasound transparent membrane. Wrinkles in the ultrasound transparent membrane can have a
negative impact on the beam quality and thus should be avoided. However, an inevitable wrinkle at
the side of the transducer might have migrated towards the transducer despite the careful handling. It
would be advised to find a differently shaped membrane to minimize the wrinkles. Moreover, as the
ultrasound transparent membrane needed to be applied again on the device when preparing the mea-
surement with the electrode array, there was a risk of having a different amount of ultrasound gel on
the surface or that inevitable wrinkles were positioned on the side of the transducer differently. Lastly,
the impedance analyzer used to characterize the transducers is only able to collect data up to 5 MHz,
while it would be favorable to investigate higher frequencies.



7
Conclusion

The aim of this thesis was to develop a device that is able to simultaneously record electrical and
mechanical signals of the heart tissue during open heart surgery, thus allowing to gain a better under-
standing of the underlying causes in patients with Arrytmia. After carefully studying the literature, three
concepts consisting of a device in which an electrode array and ultrasound transducers are integrated
have been proposed based on the limitations of the environment and the conducted finite element sim-
ulations. One of the concepts was executed by designing, assembling, and evaluating a prototype.
The key results of this work are listed below.

7.1. Key Results
Concept and Configuration Three concepts for the integration of an ultrasound transducer and elec-
trode array presented in this work considered the limitations of the environment. One of the concepts
was designed and the first prototype has been created. This concept consists of two devices, a flexible
electrode array with 32 gold electrodes of which 12 have holes around them, and a device for the ultra-
sound transducers, which consist of 12 piezoelectric rings made out of 1-3 piezocomposite for optimal
acoustic matching to the atrial tissue. The parameters of the transducer have been chosen to image
the atrial tissue. The two devices are mounted on top of each other in a way that the electrodes can
be in contact with the tissue and the ultrasound does not attenuate as there are holes in the polyimide
of the electrode array. The intended usage is detailed in Figure 4.21.

Prototyping A prototype has been created for the chosen concept. Two flexible PCBs have been
designed for this prototype, one for the ultrasound transducer allowing 12 piezoelectric rings with a di-
ameter of 5 mm to be attached and another for the 36 electrodes of the electrode array. The prototypes
have been assembled.

Measurements Impedance measurements have been conducted to evaluate the electrodes individ-
ually. The results imply that the presence of the holes does not have an impact on the fabricated
electrode array. Measurements were conducted to analyze the pulse-echo response and the pressure
field created by the transducer while the electrode array was mounted on it. The obtained pressure
values are in the range of 30 - 40 kPa, which suggests that even with a 10 V amplitude excitation the
transducers are able to produce enough pressure for sufficient pulse-echo response with the electrode
array mounted on top. This suggests that the ultrasound transducer with the electrode array is suitable
for the designed purpose. Based on the preliminary pulse-echo measurements results, it is suggested
that the ultrasound transducer with the electrode array integrated into it is sufficient for obtaining a
pulse-echo response from the field of interest.
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7.2. Future work
For further evaluation, it is suggested to conduct more extensive pulse-echo measurements, for ex-
ample with a thin wire as a target. Moreover, it would be favorable to investigate the performance of
the electrode array with the ultrasound transducer with the TDT system with a phantom atrial tissue in
order to evaluate how transmit and receive affect the electrograms. Furthermore, it would be benefi-
cial to test this prototype on an ex vivo pig heart, demonstrating the intended usage (Figure 4.21). It
would be benefitial to examine if the designed device is able to derive detailed information about the
of the tissue apart from thickness of the atria, such as collagen content or fiber directions. To further
improve this prototype, it is suggested to make certain alternations to the currently presented method
as presented in 6. Future work should entail improving the axial resolution and the field of view of the
two devices. The former can be achieved by using higher frequencies for the ultrasound transducers
thus allowing for shorter pulses, which result in more details in the received data. It is suggested to
investigate focused ultrasound transducers, for example by adding an acoustic lens to the presented
device to further improve the imaging quality. Furthermore, it would be beneficial to explore the integra-
tion of an ultrasound array instead of a single element for future prototypes, as then more information
could be obtained from the mechanical structure of the atrial tissue due to the option of B-mode imaging
and broader field of view. Lastly, it is suggested to increase the number of electrodes as much as the
ultrasound transducer allows in order to obtain more detailed information about the electrical activity.
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