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Abstract

The overarching goal of Engineered Heart Tissues (EHTs) is to develop functional 3D heart tissues
in vitro with the potential to find drug targets, identify drug toxicity and predict the effects of the
drugs in the body. This 3D model of the cardiac tissue consists of a bunch of cells, self-assembled
around specific anchoring points the main aim of which is to support tissue formation. Although this
model is very promising, still has to overcome an important drawback which is the lack of maturation
of iPSC-derived cardiomyocytes (CM). This obstacle leads to limited recreation of the adult human
cardiac tissue physiology.

It has been shown that electrical stimulation of cardiac cells is one of the most important factors
for cardiomyocyte’s maturation. Therefore, the principal goal of this thesis is to design and fabricate
an electrical stimulator device and integrated electrodes in an existing EHT platform for electrical
stimulation of cardiomyocytes. In the beginning, a literature study was conducted on different
electrical stimulation methods and existing electrical stimulation devices for this purpose.

For the first part of the thesis which was the design and fabrication of electrical stimulator, the
electrical stimulation parameters that must be fulfilled by this device, were specified. Various
hardware design approaches were studied in detail and compared before the design and implementation
of the final idea. Simulations of the selected method using the LTSpice software tool were performed in
order to study the behavior of the electrical stimulator design. The device is a 16-channel electrical
stimulator that provides perfect rectangular biphasic pulses in the range of ±15V with adjustable
voltage amplitude, frequency and duty cycle. A user-friendly interface allows the user to select the
desired channel of stimulation and the signal is distributed providing electrical stimulation to a total
of EHT platforms. Therefore, this device was designed in a way to be connected with a second Printed
Circuit Board(PCB) which hosts 16-EHT with integrated electrode chips. The 16-EHT holder (PCB)
was also designed to suit in a 96-well plate, used by biologists for cardiac-cell culturing inside the
incubator. The characterization of the electrical stimulator took place in the measurement room of
the EKL lab. The results of the measurements verify the precision and efficiency of the electrical
stimulator circuit as they are in excellent agreement with the simulations.

The second part of the thesis includes the fabrication of integrated electrode-chips. The fabrication
was conducted at EKL lab, in the Microelectronics Department of TUD using clean room microfabrication
techniques. The selected electrode material was TiN due to its unique mechanical properties and the
electrodes were fabricated on PDMS, encapsulated between two layers of polyimide. The main steps
required for the integration of these electrodes in the existing EHT platform have been also carried out.

Keywords: Engineered Heart Tissue; cardiomyocytes (CM); 96-well plate; electrical stimulation;
electrical stimulator; integrated electrodes
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CHAPTER 1

INTRODUCTION

1.1 Organ-on-Chip Technology

A major problem in the development of effective drugs for the treatment of serious diseases is the
absence of reliable models to recognize the drug targets, identify the drug toxicity [1]and predict the
effects of drugs in the human body [2]. Conventional animal models or 2D cell cultures fail to precisely
emulate human physiology and consequently to predict human responses to drug treatments. This
problem represents one of the main causes of drug failures during the period of clinical trials and the
lack of medical treatments for specific serious diseases [2]. Furthermore, ethical concerns that stem
from the use of animals in drug testing lead to the willingness of minimization of animal experiments
or their replacement with other alternative methods [3][4]. Due to the aforementioned reasons, the
need to find an alternative method that simulates both the function of human organs and tests the
efficiency of specific drugs becomes essential.

Organ-on-chip technology aims to create miniaturized microfluidic in vitro systems whose purpose is
to mimic the crucial biological and physiological behavior of in vivo environment of specific organs [5].
These in vitro models aim to become an alternative to conventional static cell culture in the future,
bridging the gap between the animal models for drug testing and the human body[6]. Although there
is a wide spectrum of organ-on-chip applications (some of the most significant are illustrated below),
this introduction chapter is directed more towards the Engineered Heart Tissue (EHT) model. Its
development has undergone impressive progress during last decades and it has been driven by three
motivations. The first one is to generate cardiac tissue outside of the biological environment for
cardiac repair. The second one is to create in vitro models of heart function, and the third one to
observe and study a cardiac muscle beating on a dish [6].

One of the most important challenges that the heart-on-chip models face is the lack of maturation
of iPSC-derived cardiomyocyte (CM)[7]. This obstacle leads to limited recreation of the physiology
of adult human cardiac tissue. The maturation of CMs can be induced by different factors such as
mechanical or electrical stimulation of tissue [7]. The study of these factors stimuli and their role in
the CMs maturation will set the foundations for the development of an environment that emulates
the functions of the heart efficiently. Due to the fact that the electrical stimulation has a role of the
utmost importance for the growth and maturation of cardiomyocytes, the first introduction chapter
analyses important electrical stimulation parameters leading to worth-mentioning conclusions and at
the same time explains existing electrical stimulation methods and devices.
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1.2 Chronology and Current State

In the past, scientists were working for years to develop new drugs for the treatment of serious diseases
[8]. Animals have been used as preclinical models to emulate the processes that takes place in human
body.

However, animals as models for drug testing cannot capture faithfully the human physiology. The
fundamental translation problem dominates leading to some drugs work well on animals but not to
humans. Furthermore, animal experiments for drug testing are subjected to scepticism for ethical
reasons [3][8]. As a result of this, scientists started looking for other alternative solutions to this
problem [9].

Later, the advance of science and technology led to the development of in vitro two-dimensional
cell cultures, in plastic Petri dishes, in order to test the drug toxicity. These traditional in vitro
models have been used until nowadays in many laboratories aiming to study the cell responses to
stimulation from biophysical and chemical signals [10]. It is proven that 2D cell culture in a Petri
dish has undoubtedly improved the understanding of cellular behavior and growth by the scientists
[10]. Nevertheless, they have not yet sufficiently simulated the interactions between cells or between
a cell and a matrix [11].

The progress of microfabrication, tissue engineering and biology led to the development of microfluidic
devices called organ-on-chip (OOC). In OOC models, cells are cultured on a chip which hosts the
environment where the cells are grown and interact with each other[3]. Those chips are small in
dimension and constituted of one or more chambers, where the cells are located. The basic material
of the chip is usually transparent which allows easy optical imaging of the cells. The surface of a
micro-chamber can be made of various materials, such as natural or synthetic polymers [3].

The OOC is a promising technology providing a more precise view regarding the human responses
to drugs compared to conventional models. Some of the most worth mentioning properties that an
ideal OOC should have are the following [2][3]:

1. Tissue Structure

• One of the most important parameters which ensure the tissue structure is the contact
between cells and the interface between tissues. An ideal OOC model should offer an
environment that allows the study of tissue-tissue interface and the biological processes
that would be difficult to be controlled in animal experiments.

2. Good conditions in the micro-environment

• Due to the fact that OOC models represent a sub-unit of an organ and emulate the
physiology and its main functions, it is essential to provide a micro-environment which
really mimics the natural environment where an organ lives and matures. Thus, the
control of conditions of the cellular micro-environment can be achieved by the control of
dynamics such as electrical and mechanical stimulation. Furthermore, the integration of
perfusion systems and the control of flow which ensure the oxygenation and nutrition of
the organs, are important parameters for healthy tissues. Therefore, an ideal OOC device
should include the aforementioned systems in order to simulate with more precision the
natural cellular micro-environment.

3. Main Functions

• The primary function of an ideal OOC is to recapitulate the physiology of a human organ
and mimic basic functions. In addition, an ideal OOC model should emulate the biological
properties of an organ and how it reacts to the external stimuli.
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1.3 Main Sources of Cells for Organ-On-chip

One of the most important aspects of the successful development of OOC is the investigation of cell
sources. Two factors determine the type of human cells that are used for OOC. The first one is
whether there are cells available for this purpose and the second the ability of cells to interact with
each other outside of the biological environment [12]. The ideal scenario according to previous surveys
is the organ units for OOC models to be isolated from the same kind of cells [12]. Adult primary
cells can be found in adult patients and they are suitable for clinical studies in humans. However,
this type of cells is limited in number in tissues such as the heart. On the other hand, Pluripotent
Stem Cells (PSC) can be produced after reprogramming adult somatic stem cells (human induced
pluripotent stem cells) [2]. It is important to mention that hiPSC can be found in any individual.
However, the maturation of hiPSC cells beyond a fetal stage requires a great effort. For this reason,
the development of an environment which ensures the maturation of these cells is a big challenge
[2][13].

1.4 Main Applications of Organ-On-Chip

This section focuses on the main applications of OOC technology including Blood-Brain-Barrier
(BBB), liver-on-chip, lung-on-chip and heart-on-chip.

1.4.1 Blood-brain barrier

The Blood-brain barrier acts as a separation of blood from the brain tissue and it is aiming to offer
homeostasis by protecting the brain from harmful substances from the blood. For this reason, the
investigation of Blood-brain barrier and its functions is crucial for drug development and the advance
of research in the biomedical field. A wide spectrum of microfluidic devices that aim to mimic the
function of the Blood-brain barrier on a chip has been developed in the last years. All developed
models are facilitating the study of cell behavior and interaction as well as the effects of drugs. These
new developments of in vitro models indicate that the field of Blood-brain barrier on chip is moving
forward [14][15].

One of the most remarkable Blood- brain barrier on-chip models was developed by the research
team of Griep et al. who used human cerebral endothelial cells and placed them on the top of a
PDMS membrane. Specifically, they achieved to adjust the Barrier function mechanically through
shear stress exposure and biochemically by applying stimulation using a tumor necrosis factor “a”.
Furthermore, the research team incorporated electrodes in order to measure the transendothelial
electrical resistance aiming to analyze the barrier tightness (Figure 1.1) [14].
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Figure 1.1: Brain on Chip model: (a) 1. top part of the device, 2. Membrane, 3. the bottom part
of the Brain on Chip, 4. Pt integrated electrodes and (b) the figure of the assembled device. (c)
Illustration of Brain on chip made in PDMS [14].

1.4.2 Liver-on-Chip

The liver is a vital organ of the body because it participates in several functions with the most
significant being that of digestion[16].The main role of the liver in the digestive system is to metabolize
substances such as lipids and carbohydrates. The effects of new drugs in the liver are examined
during clinical trials. More specifically, it is commonly accepted that one of the major factors which
can interrupt the development of new drugs is toxicity and its consequences in the liver [16][17].
The difficulties in the fabrication of microfluidic devices for the study of the liver, stem from the
complexity of the organ. The fact that it participates, as it is mentioned before, in several functions
in combination with the different types of cells that are responsible, makes the modeling of liver hard
[17][16] .

Over the last decades, experiments focused on the development of in vitro cultured cells from liver
tissue slices or liver cells to study the effects of drugs in the liver. Although these models presented
some important advantages over the conventional models (animal testing), they are still unable to
fully replace animal testing because limited viability was observed in most of the cases. They also
presented the inability to exactly emulate the liver physiology. The advance of technology and science
led to the development of new in vitro culture cell models that propose remarkable solutions to the
aforementioned problems [17][16] . Most of the liver-on-chip designs used scaffolds for the fabrication
of 3D liver structure. The research group of Weng YS et all. developed a new approach avoiding
the usage of scaffolds and introducing primary hepatic stem cells for the creation of liver tissue. The
proposed design was developed by implementing microfabrication techniques. As it is illustrated in
the next figure (Figure 1.2), the PDMS (Polydimethylsiloxane) was used as a substrate where the
liver cells were placed. A hydrophilic flow diverter then was used to create a chamber for the culture
of liver cells. The chamber on which the cells cultured was hexagonal and the inlets which ensure
the insertion of flow were placed at each corner of the chamber. Furthermore, a flow outlet that
allows the flow from the portal vein to the central was positioned in the center. The primary goal of
the liver-on-chip device was to create a controlled environment that emulates the natural growth of
primary liver cells in an organism[17].
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Figure 1.2: Multiple layers of PLCs were deposited on PDMS membrane to form a biological template
and hexagonal coutour [17].

1.4.3 Lung-on-Chip

The lung is one of the most vital organs of the body and the main organ in the respiratory system[18].
The normal function of the respiratory system includes several steps. Firstly, the trachea has the
responsibility to transport the inhaled air in the lungs via the tubular branches. Continuously, the
oxygen is extracted from the air and is inserted into the blood whereas the carbon dioxide follows the
opposite direction and it is transferred from the blood to the air through the alveoli. It is important
to mention that alveoli is separated from capillaries by a thin membrane made of epithelial cells
(alveolar-capillaries barrier) [18].

The primary aim of lung-on-chip devices is to create a controlled microenvironment mimicking both
morphological and biological functions of the human respiratory system, to investigate serious diseases
and study the effects of new drug treatments [18][19]. The first lung-on-chip device has been developed
to emulate human breathing. As it is illustrated in the following figure (Figure 1.3), the lung-on-chip
device constitutes of two channels in the opposite direction while a PDMS membrane creates a
separation wall between the two channels [18]. The PDMS membrane is covered by an Extracellular
Matrix (ECM). On the one side of the PDMS membrane alveolar epithelial cells are placed and on the
other side pulmonary endothelial cells. Continuously, the air enters the epithelial part while blood
liquid is injected in the endothelial cells[18][19]. The desirable mechanical stretching of the membrane
is achieved by the application of a vacuum. This lung-on-chip model is the first successful model of
mimicking human breathing and a promising model for the study of drug treatments [18].

Figure 1.3: Illustration of the lung-on-chip device with a PDMS membrane which separates the two
microchannels forming a barrier between alveolar and capillaries. The right figure depicts the applied
vacuum to the chambers aiming to introduce the desirable mechanical stretching[18].
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1.4.4 Heart-on-Chip

Being a vital organ in the human body, the heart has the responsibility to pump the blood via the
vascular system, transferring nutrients to many organs in the human body and extracting wastes
from other organs. This way, the heart has a major role in the maintenance of the human body
homeostasis [20].

The simulation of heart electrophysiology should be the main priority for the development of reliable
and representative heart-on-chip models. Previous surveys have indicated that the growth, maturation
and regeneration of cardiac cells depend on several stimuli. Among these stimuli, the properties of
the scaffold, the mechanical stimulation and the electrical stimulation have been proven essential
elements [7]. Therefore, it is possible to imagine a complex heart-on-chip system that has the ability
to apply all mentioned stimuli and to record the response of the cells. In such a platform even, the
maturation could be induced and effectively tuned, a parameter that remains a big challenge until
nowadays. Using the previous requirements of an “ideal” heart-on-chip the literature can be put into
perspective.

Currently, different heart-on-chip models have been created aiming to conduct pharmacological tests.
Among them, Radisic et.al incorporated a poly(tetrafluoroethylene)(PTFE) tubing in a bioreactor
to facilitate the adherence and elongation of cardiomyocytes[20]. Continuously, in order to provide
cardiac bundles with electrical stimulus, the integration of electrodes took place in the platform. After
the development of this heart-on-chip model the functionality of the system was tested by using nitric
oxide. A significant decline of the beating rate was observed, a detail that reinforces their conviction
that this device can be sufficiently used for modeling diseases and pharmacological tests [20].

Another heart-on-chip platform was designed by G. Conant et al., the principal aim of which was
to measure the contractility and the action potential propagation [21]. Polymeric thin films were
fabricated where the cardiomyocytes cultured. This kind of heart-on-chip device can offer without
any doubt remarkable insight regarding the contractility of cardiomyocytes. However, it presents an
inability to screen various compounds at the same time.

1.5 Summary

OOC technology has presented remarkable progress during recent years and a wide spectrum of
applications such as lung-on-chip, liver-on-chip, blood-brain-barrier and heart-on chip demonstrate
its evolution. Testing of drugs, screen toxicity, and research on different diseases are some of the
most important fields that take advantage of the evolution of this technology. Despite this, many
challenges remain and OOC technology is not widely established in the scientific community and not
yet widely accepted by the pharmaceutical industry and by regulators as a gold standard. Currently,
microelectronics and microfluidic technology have improved in comparison with the past but further
advance is required in the near future. In addition, major challenges include a better interpretation
of interactions between cells and between cells and the material in an OOC device.

1.6 Engineered Heart Tissue(EHT)

1.6.1 Introduction

The heart is one of the most important organs of the body because it is able to deliver and recycle
the blood to other organs through the vascular system. Nowadays, cardiovascular diseases are the
most common cause of death worldwide [22]. Over the last decades, many drugs were developed,
although the effects of them are ambiguous and a great number of them have not been approved.
On the other hand, heart-on-chip models simulate human physiology and the environment of the
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cardiovascular system [22]. This way, they are going to provide remarkable insight regarding cardiac
diseases, cardio-toxicity testing and personalized medicine as well[22].

In comparison with other cell types, it remains a challenge to produce cardiac cell cultures due to the
fact that cardiomyocytes express limited proliferation. The maturation of hiPSC beyond the fetal
stage requires a great effort, therefore the creation of proper conditions that facilitate the maturation
of these cells is essential [23].

Until nowadays, conventional in vitro 2D models have been used in many laboratories for the study
of cardiomyocytes. However, these 2-D models have not yet sufficiently simulated the interactions
between cardiomyocytes or cardiomyocytes and the matrix, a parameter that limits the study of
their function and development. Therefore, currently scientists are making an intense effort to create
three dimensional in vitro cardiac models. These 3-D engineered heart models emulate precisely the
physiology of the heart and allow the measurement of important properties of the heart such as the
contractile force [11].

1.6.2 Advantages over 2-D structures

There is a growing evidence that engineered 3-D tissues have the potential to mimic better the
natural environment of the heart in comparison with the 2-D cultures. Some of the most noteworthy
advantages of 3-D engineered tissues over the 2-D are the following[23][24][25]:

• All the cells in a 3-D tissue can contact the surrounding cells, contrary to the single-layer cell
cultures where the cells have little communication.

• The proliferation rate of cells in 3-D engineered tissue is low, something that facilitates long-term
studies. At the same time, the usage of pharmacological suppression of activity that is used in
2-D cultures is eliminated

• There is a possibility that the 3-D cell cultures contribute to a better maturation of cardiomyocytes,
although this hypothesis should be investigated further.

• Parameters of contractile function such as rate, peak force, and rhythm can be measured more
precisely in 3-D engineered heart tissue than in 2-D cell[23][24][25].

1.6.3 EHT as a promising solution

Over the past two decades, EHT has been introduced as a promising way to study the heart tissue in
vitro [6]. The first EHT was designed in 1997 aiming to fulfill two goals: The first aim was to produce
three-dimensional tissue for organ repair and the second one to model the physiological function of
an organ in a more efficient way than two-dimensional cell cultures[6]. Although the first goal seems
very optimistic and many challenges should be faced for its implementation, the second one is a more
realistic scenario. In the majority of previous experiments, EHT is cultured in a dish that consists of
two or more anchoring points and the tissue is formed around them (Figure 1.4). The main role of
the anchoring points is to provide support to the tissue and the desirable stretch. In addition, further
electrical and mechanical stimulus is provided to cells in order to cause maturation.
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Figure 1.4: Schematic representation of the proposed set up for EHT. Picture (a) illustrates the
assembly of a casting mold. Specifically, tubing (T) was attached to the substrate made by glass.
Then the disks (D) and the cylinders (C) function as spacers while the casting mold is prepared.
Picture (b) depicts the creation of EHT around the cylinders.Picture (c) shows the transfer of EHT
in a stretch device which provides the desirable stretch contributing to further development of EHT.
Picture (d) shows the EHT in a thermostated organ bath. Scale Bars=10mm [26]
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A noteworthy example of EHT was made by the group of Thomas Eschenhagen in UKE Hamburg.
Their primary goal was to miniaturize the heart tissue and create multi-well testing. To achieve this
goal, they cultured a rat heart tissue around two anchoring points in rectangular molds [27]. In a later
study, the same group used human cardiac cells in order to create the heart tissue and they cultured
it in the same rectangular molds [27]. The trials of the previous research group were not limited to
these experiments, but they continued to improve the engineered heart tissues. More specifically, in
the next experiment, they studied the heart hypertrophy by increasing the afterload in the tissue
[28]. Two elastic posts were used in order to facilitate the binding of the tissue. The cell culture took
place in a 24-well plate. To achieve the increase of the afterload, two metallic bars were used for the
strengthening of elastic posts [28].

The research group of J. Hudson developed a 96-well device aiming to screen the conditions of cardiac
maturation in an engineered cardiac muscle. The Heart-Dyno device consists of PDMS chambers with
two pillars, the primary purpose of which was to ensure the automated formation of dense muscle
bundles and at the same time the automated analysis of force contraction avoiding tissue handling
(Figure 1.5) [29].

Figure 1.5: In the left figure a general design of Heart-Dyno is provided, and in the right Figure the
formation and the culture of cardiac tissue in this device is illustrated [29].

Another noteworthy example of EHT, has been developed recently by the ECTM group in TU Delft.
Specifically, three scaled down chips have been fabricated in order to host different number of cells.
The fabrication of the EHT platform is based on surface micromachining and elastomer molding
techniques. The maximum size of the EHT platform is 3uL and the capacity is up to 47000 cells.
The second chip can host up to 31000 cells, and the smallest one is 1uL and the capacity is 16000
cells (Figure 1.6). It is important to highlight that the PDMS pillars have been molded to a silicon
wafer that is used for mechanical support of the cardiac tissue growth[30].
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1.6. ENGINEERED HEART TISSUE(EHT)

Figure 1.6: Schematic representation of EHT platform developed at ECTM group in TU Delft.
Pictures (a),(b),(c), shows the three scale down chips. The first one (a) can fit up to 16000 cells, the
second one (b) up to 31.000 cells and the third one (c) up to 47000 cells.(d) illustrates the etched
silicon wafer and the (e) illustrates the final PDMS structures of the EHT platform [30].

Despite the benefits an EHT can provide, many challenges must be faced such as the achievement
of better alignment and maturation of cardiomyocytes [5]. The maturation and normal function
of cardiomyocytes depends on several micro-environmental aspects such as electrical, mechanical,
chemical factors and intracellular interactions. The improvement of them in order to create an
environment that mimics the native one remains a big challenge [31].
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1.7 Importance of Electrical Stimulation in EHT maturation

The progress of OOC technology and the advance of EHT have been highlighted in the previous
sections. As it is already mentioned a major challenge that is important to be faced for the
evolution of the EHT model is the maturation of the cardiac tissue.The heart is a mechanical pump
which responds to mechanical stimuli[32]. Therefore, mechanical stimuli can be essential for heart
development. The mechanical stimuli can be separated into three categories: 1) the strain due to
heart filling, 2) the hemodynamic loads and 3) the produced force during contraction[32]. These
categories of natural mechanical stimuli contribute to the design of in vitro systems that simulate
the physiological conditions and can cause maturation to cardiomyocytes. Another parameter that
can induce maturation to cardiomyocytes is the change of some properties of ECM such as the
stiffness or the alignment of the cells. Mixing also this type of cells with fibroblasts or endothelial
cells possibly contributes to a considerable maturation of cardiomyocytes (Figure 1.7)[32]. Among
the aforementioned parameters which cause maturation of cardiac cells the electrical stimulation of
cardiomyocytes has a principal role in their maturation.

Figure 1.7: Schematic of all the possible methods that cause maturation to cardiomyocytes. The
introduction of mechanical stimuli such as cyclic or static stretch, the electric field by using
electrical stimulation of cardiomyocytes, the change of extracellular matrix properties and the mix of
cardiomyocytes with fibroblasts or endothelial cells are some of the most important factors[32].

1.8 Parameters for Electrical stimulation of Cardiomyocytes

According to previous studies, electrical stimulation plays a significant role in the recreation of the
in vivo environment of cardiac tissue but also in the promotion of cardiomyocytes maturation. The
importance of electrical stimulation becomes more essential for the cells and tissues that express
electrophysiological behavior such as the cardiomyocytes or neurons. For this reason, through
the implementation of electrical stimulation in vitro, researchers have achieved a better contractile
function, cell-cell communication, maturation and orientation of the tissue, improving the behavior
of engineered heart tissue [20] [33]. The efficiency of electrical stimulation depends on several
factors, among them is to induce a proper physiological response without causing damage to the
surrounding tissue. Therefore, the shape of the applied pulse (Monophasic/Biphasic), electrode
materials and the way of charge transfer are crucial to be investigated before the implementation
of electrical stimulation. An electrode material can be characterized as proper for stimulation if it is
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1.8. PARAMETERS FOR ELECTRICAL STIMULATION OF CARDIOMYOCYTES

bio-compatible (elimination of undesirable toxicity or immune responses) with the tissue. As far as
the charge transfer is concerned, two mechanisms determine the way of charge transfer, Faradaic and
non-Faradaic reactions [34].

1.8.1 Shape of pulse (Biphasic/Monophasic)

The shape of the applied signal to cardiomyocytes constitutes one of the most important parameters
which defines the efficiency of electrical stimulation. Electrical stimulation can be a pulse or a
continuous wave, and it is transferred either sinusoidally or in square waves. Sometimes, it is
monophasic and other times biphasic. The effects of monophasic and biphasic electrical stimulation
methods to the tissues have been investigated by many research teams in the past.

Monophasic pulses may lead to tissue damage as a consequence of accumulated charge. This charge
accumulation causes irreversible reactions. Therefore, electrical stimulus is preferred to be biphasic[35].
Biphasic electrical stimulation fields presented better results compared to monophasic electrical fields
in terms of the excitability of cardiac cells. A parameter that indicates the excitation of cardiac
cells is the action potential. Action potential is the molecular basis of electrical activity of cardiac
cells[36]. When an action potential occurs there is an unexpected positive shift in the potential
of cellular membranes of cardiac cells, called depolarization[36]. This depolarization contributes to
the contraction of cardiomyocytes. In biphasic pulses the anodic pulse which injects charge from the
electrode into the tissue is followed by cathodic pulse with the same amplitude but an opposite polarity
charge. Thus, the charge balance is maintained. Therefore, biphasic pulses generate better action
potential excitation since the two pulses (biphasic) act synergistically in order to induce excitation
[34] [37].

According to previous electrical stimulation experiments, the most common range of signal amplitude
is between 3V and 24V. Although, these values depend also on other parameters of the experiment,
such as total duration of experiment. Furthermore, in most of the cases the total pulse duration
ranges from 0.1 to 20ms, while the frequency of the stimulation pulse ranges 0.5-5Hz [38]. The
following Figure 1.8 demonstrates the basic parameters for functional electrical stimulation in terms
of frequency, pulse width, amplitude and total duration.

Figure 1.8: Illustration of biphasic pulse generator and the circuity of the electrode. As the figure
shows the anodic amplitude of the pulse is followed by a cathodic amplitude of the pulse but in the
opposite polarity. The symbol TF represents the train frequency of the pulse and the symbol TD
represents the duration of the pulse [38].

1.8.2 Faradaic versus Non Faradaic charge transfer

It is widely known that both Faradaic and Non-Faradaic reactions can occur at an electrode. In
electrochemistry field there is a clear distinction between these two mechanisms[39][34]. This distinction
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stems from the fact that in Faradaic reactions the charge is transferred far away from the electrode
and for this reason, atoms, reactants, and other products are involved and are transferred across
the metal-solution interface. As a result of this, electron transfer oxidation or reduction can take
place[39][34]. The electrodes which support Faradaic processes are called charge-transferred electrodes.
This is directly related to the material of which the electrodes are made of. On the other hand, in
the cases when Non-Faradaic processes take place the charge (either electronic or ionic) stays inside
or at the electrode. During these processes, no real charge transfer happens across the interface of
the electrode. This is because no reduction or oxidation processes take place or when they do they
remain inside the electrode. The following picture (Figure 1.9) explains in detail the difference in the
mechanism of both processes [39]citetandon2006characterization34.

Figure 1.9: Comparison between Faradaic and Non-Faradaic processes which take place at an
electrode[39].
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1.8.3 Type of electrodes used for electrical stimulation

Ideal Polarized Electrodes: Ideal Polarized Electrodes are the electrodes in which there is no real
charge transfer between the electrode- electrolyte model regardless of the value of potential created
by the applied to the electrode voltage[39].

Charge Transfer Electrodes: When an electrode is not ideal polarized is called charge transfer
electrode. In these electrodes, the processes of oxidation and reduction occur. It is important
to highlight that in charge transfer electrodes conduction current flows across the interface of the
electrode [39].

1.8.4 Equivalent Circuit model for electrode-electrolyte interface

Integrated electrodes are widely applied to control and stimulate in vitro and in vivo biological
systems consisted of electrically active cells for instance neurons or cardiomyocytes[40][41]. It is
widely known that the membrane of these cells consists of ion channels that have the ability to
transfer ions with the surrounding extracellular matrix (ECM). This way, they produce a difference
in ionic concentration[40] . Thus, the electrical potential of the intra-cellular matrix is changed. As
a result of these, chemical and electrical processes electrical signals are generated [42][43]. These
electrical signals can be detected with integrated electrodes[44][45][41]. Specifically, The electrode
acts as charge transfer interface between cardiac cells and a read-out system (Figure 1.10).

Figure 1.10: Rendel’s model as a representation of the electrode-electrolyte interface which is created
by inserting an electrode in contact with cells[40]

1.9 Goal of the Thesis and Research Statement

1.9.1 Goal of the thesis

The principal goal of the thesis is to develop an electrical stimulation set up which ensures the
stimulation of cardiomyocytes in an EHT platform. This proposed set up includes the design and
fabrication of a pulse generator circuit and the fabrication of integrated electrodes in an existing EHT
platform. After the previous comparison of electrical stimulation methods (monophasic or biphasic
rectangular pulses), the selected method for electrical stimulation and consequently excitation of
cardiac cells is biphasic rectangular pulse. The envisioned set up will consist also of multiple EHT
platforms (total of 16) integrated in a read-out interface.Particularly, the pulse generator circuit
will be connected with read-out interface which hosts multiple EHT platforms with integrated TiN
electrodes. The EHT platform which was developed at the ECTM group consists of two pillars
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where the cardiac tissue is formed. Perpendicular to these pillars and on the bottom of PDMS, TiN
electrodes will be placed to create a uniform electric field during the electrical stimulation process.
The range of frequencies that are going to be implemented for excitation of cardiac cells according
to literature study and after a discussion with biologists from LUMC is 0.5-4HZ. The period of pulse
activation (duty cycle) will be also adjustable and will follow the aforementioned protocols (1-25ms).
A connection of this envisioned system with a PC through USB will facilitate the real-time monitoring
of electrical stimulation parameters.

1.9.2 Research Statement

Design and Fabricate of an Electrical Stimulation Set up for Electrical stimulation of Cardiomyocytes
in an EHT platform.
The research questions which are going to be answered in the following chapters are:

• Which is the amount of current passing through the electrodes in order to provide electrical
stimulation but also prevent any possible damage of the cells?

• Which is the best method of electrical stimulation of cardiomyocytes (Voltage Controlled or
Current Controlled stimulation?)

• What kind of electronic components must be integrated in the pulse generator circuit in order
to provide biphasic rectangular pulses?

• What kind of adjustments must be done in the pulse generator circuit so to provide electrical
stimuli not only to a single but to multiple EHT platforms.

• Which is the most efficient design of the read-out interface for multiple electrode chips in order
to fit also as a bottom in a 96-well plate?
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1.10 Thesis Outline

Chapter 1: The first chapter is the current introduction chapter.

Chapter 2 includes a review of previous electrical stimulation set up systems (Integrated electrodes
and hardware designs of electrical stimulators).

Chapter 3 consists of the General Design of the Pulse Generator Circuit including the design of the
power supply system, the design of the pulse generator unit, and the design of a driver unit which
drives the biphasic pulse to 16-EHT platforms. Also an advanced version of the stimulator in order
to support voltage controlled current source stimulation is provided, In this chapter, the design and
the schematics of the driver unit is presented but also the design of the current measurement circuit
which is going to measure the current passes through the electrodes

Chapter 4 presents the performance of the proposed system after testing all the integrated components
and measuring the output signal. All the testing procedures are explained in detail while a discussion
for future improvement of system performance and specifications is followed.

Chapter 5 includes a detailed description of the applied microfabrication processes for the fabrication
of TiN electrodes in the EHT platform.

Chapter 6 presents a general discussion regarding the proposed electrical stimulator and challenges
during the design and fabrication. Also a discussion regarding the electrodes fabrication is provided.

Chapter 7 is the chapter of the thesis in which important conclusions and future recommendations
are presented.
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CHAPTER 2

ELECTRICAL STIMULATION METHODS FOR
CARDIOMYOCYTES

This chapter is focused on the methods for the achievement of efficient electrical stimulation of cardiac
cells. A wide spectrum of electrical stimulation methods have been developed in the past such as the
use of external pacing electrodes in order to “train” the tissue, the fabrication of electrodes which
induce a uniform electrical stimulus around the cardiac tissue (carbon or platinum electrodes), the
microfabrication of integrated electrodes on a chip (MEA), the fabrication of interdigitated array and
the use of nanotechnologies. A presentation of the entire electrical stimulation set up which has been
used in previous studies is also provided. Among the aforementioned electrical stimulation methods,
more emphasis will be given in the microfabrication of integrated electrodes on a chip. This chapter
at the beginning highlights the importance of electrical stimulation for cardiomyocytes maturation,
continues with an overview of previous electrical stimulation methods and design of pulse generator
systems and concludes with an overview of signal parameters.

2.1 Methods for electrical stimulation of 2D cell cultures and
design of stimulator systems

Microelectrode arrays are used nowadays in order to record cell activity or to stimulate cells in
2D cultures. They have the potential to provide local stimulation and micro-scale precision. Using
lithographic microfabrication techniques, the electrodes for the recording and stimulation of electrical
signals are deposited on substrates [46]. The electrodes in MEA can be fabricated from different
materials such as TiN [46], graphene, gold [47]. The electric field is applied over one or more
microelectrodes and not across the entire cardiac tissue. Currently, new microfabrication techniques
for microelectrode deposition on substrates have been developed. However, the use of MEA is limited
to the study of planar tissues (2D cell cultures). In most of the previous experiments the MEA
electrodes are arranged in a symmetrical way across the surface. The chip (Figure 2.1) with the
integrated electrodes is glued and wire-bonded on a PCB (Printed Circuit Board). The primary goal
of the MEA electrodes is to generate local point-source stimulation while only the peripheral cells are
subjected to local field current [47].
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2.1. METHODS FOR ELECTRICAL STIMULATION OF 2D CELL CULTURES AND DESIGN
OF STIMULATOR SYSTEMS

Figure 2.1: Schematic representation of MEA chip for 2D cell culture. The MEA chip is glued and
wire-bonded to the PCB. The electronic circuit which provides electrical stimulation to MEA chip is
also presented.[47]

Different stimulation techniques are applied in MEA electrodes in order to achieve a functional
electrical stimulation for cardiomyocytes maturation. The research group of L. Giovangradi who
developed the previously illustrated MEA for 2D cell cultures (Figure 2.1) based the electrical
stimulation of cells in high frequency during the experiment on the electrical stimulus imposed on one
or multiple electrodes. Stimulation signals were produced by a signal generator and then provided to
a custom-made voltage-controlled current source in order to give current stimulation to cardiac cells.
An operational amplifier was used for current sense (LT1194) which takes as inputs the current from
the two op amp (LTC6244) giving feedback to the LT1190 for accurate control of the current signal.
During this experiment the researchers applied low voltages in high-frequencies concluding that for
a long- term electrical stimulation, high frequencies and low voltages can enhance the safety and the
maturation of the cells significantly [48].

Other research teams focused on both recording and stimulation of cardiomyocytes using recording
MEA and stimulation electrodes on the same platform. In this case, advanced stimulation circuits
designed in order to provide biphasic controlled pulses to cardiac cells. A micro-controller was used
as the principal component of the circuit controlling a Digital-to-Analog-Converter(DAC) to produce
biphasic pulses in various voltages, frequencies and width of pulses. The stimulator designed by the
research group produces also four channels of pulses that ground the electrodes by using a low-value
resistor and a switch applying a low charge injection. The proposed system generates biphasic pulses
with 2.5V or 5V amplitude. The supplied current from the current source reaches to 10mA (Figure
2.2)[49].

Figure 2.2: Demonstration of electrical stimulation for MEA[49].
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The research team of Kujala et al proposed as a solution a container for six MEAs with integrated
electrodes and cells located on MEA dishes. A more general description of the electrical stimulation
set up is illustrated in the following picture (Figure 2.3). The electrodes are made by stainless steel
(10mm wide stainless-steel electrodes, 5mm apart). The major advantage that this MEA set up
offers is that it allows a long-term electrical stimulation of multiple cell cultures. The strength of the
electric field that is created with the aforementioned set up is up to 5V/cm while the frequency of
the pulse ranges from 1HZ to 40Hz. An operational amplifier is used in order to amplify the signal
produced by a National Instruments USB-6008 Data Acquisition (DAQ) device controlled by a PC.
In addition, the fully programmable environment ensures the control of the electrical stimulation
method [50]. One of the most important results steming from this experiment but also from previous
studies was that the higher the strength of the electric field created by the stimulation set up, the
easier the cells could achieve the depolarization threshold and contract in response to the stimulus
(Figure 2.3) [50][51].

Figure 2.3: (A) Demonstration of the general set up of the electrical stimulation system (Block
Diagram). (B), (C) An illustration of the electric field during the electrical stimulation (D) In detail
illustration of container for six MEAS with cells culture on them [50].

2.2 Methods for electrical stimulation of 3D cardiac tissues

2.2.1 Training the cardiac tissue by using electromechanical stimulation

In the past, many research groups gave more emphasis on miniaturization and improvement of
maturation of cardiac tissue by “training” the tissue with a combination of electrical and mechanical
stimulation. Specifically, it has been shown that mechanical and electrical stimulation at frequencies
similar to normal heart rate results in significant maturation of engineered heart tissue [52]. The
research team of Vunjak-Novakovic et al investigated the regimens which contribute to heart hypertrophy.
In particular, they tried to find the most efficient way to support the tissue and thus, they optimized
two anchoring points around which the tissue formed [53][54]. The anchoring points located in little
chambers made of PDMS. The little chambers located on the top of PDMS channels, the main
purpose of which was to cause actuation. This way, they achieved to apply mechanical stimulation
to the tissue providing significant insight that it induces maturation to the cardiac tissue. Before the
application of the mechanical stimulus, electrical stimulus applied to the tissue aiming to “train” the
tissue by using pacing electrodes [53]. In another study, the group of professor F.G Godier-Furnemont
examined the role of electrical and mechanical stimulation to the EHTs. They applied the electrical
stimulation field at different frequencies (0-6 Hz) for five days. Simultaneously with the creation of
the electric field around the cardiac tissue, they strained on flexible poles aiming to create auxotonic
contractions. The results from their experiments have shown that the electromechanical stimulation
of mammalian engineered heart tissue, contributes to the functional maturation of the tissue [54].
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2.2.2 Current Techniques: Bioreactors

Recently, the electrical stimulation of cardiac cells became reality by using sophisticated bioreactor
systems consisted of multiple stainless steel electrodes located 5mm apart in each dish. Previous
studies indicated that direct contact of the electrodes with the tissue presented an obvious effect on
contractile function of the cells. Although, in this experiment the electrodes were not attached with
the cells avoiding any possible structural damage. Thus, the electrodes were located nearby to an edge
during culture, and then the whole stimulation system was removed for physiological measurements.
Biphasic rectangular pulses of +-2.5 volt and 3Hz of frequency, were applied to cardiac cells. LEDs
were integrated in the platform in order to indicate in which well the pulse is delivered each moment.
The current was balanced and controlled by using 1k resistor and 1 capacitor. The results of this
experiment provided a significant insight regarding the improvement of electrophysiological properties
of cardiac cells (Figure 2.4)[55].

Figure 2.4: (A) Electrical stimulation of cardiac tissue using the proposed bioreactor. B) Mini
bioreactor with electrodes and PDMS base for gene expression tests. C) The result from electrical
stimulation with biphasic square pulse measured with an oscilloscope [55].

2.2.3 Current Techniques: Fabrication of 3D electrodes

Apart from the aforementioned techniques for electrical stimulation of cells, currently new methods
have been developed such as the development of 3D electrodes array. More specifically, a novel
platform of interdigitated platinum electrodes was fabricated by the research team of S. Ahadian
in order to stimulate engineered muscle tissues. It is important to highlight that for the testing of
the functionality of this platform, skeletal muscle cells were used. Although, the proposed platform
can be used for other types of cells or tissues such as the cardiac cells [56]. The benefits that the
aforementioned set up provided, was the creation of an electric field above and perpendicular to the
electrode structures. In the proposed set up, the electrodes were located on the substrate and were
able to create a homogeneous electric field requiring a small amount of energy. In addition, this
technology offers flexibility in terms of electrodes properties and design [56]. The proposed platform
was used for the stimulation of 3D arrays of engineered muscle tissue as it is shown in the following
picture (Figure 2.5). According to the research team, it can also be used for different types of cell
structures and tissues.
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Figure 2.5: Fabrication of the interdigitated array of Pt electrodes and application of electric
field stimulation of C2C12 myotubes [39]. The interdigitated array of Pt- electrodes used for the
stimulation of 3D arrays of engineered muscle tissue, made by a hydrogel called gelatin methacrylate
(GelMA). GelMA hydrogel consists of gelatin modified with methacrylic anhydride. This hydrogel is
very useful for tissue engineering applications[56].

2.2.4 3D pillar electrode for 3D cardiac tissues

With the advance of technology and microfabrication process, new methods came to the light such
as the fabrication of 3D pillar electrode for culturing and growing 3D cardiac tissues. With the
development of such a device, the researchers aim to achieve electrical pacing and controlling of 3D
cardiac tissues. The electrodes made by Pt-PDMS using microfabrication techniques. The protocol
that was followed for the electrical stimulation was biphasic rectangular pulses with a frequency of 1Hz
and 0.1 mA current. It is worth mentioning that the pillar electrode facilitates the formation of 3D
cardiac tissue around it without the using of any ECM hydrogel. In the following schematic (Figure
2.6 ) the design of the electrode pillar is presented and insight regarding the electrical stimulation
parameters is provided[57].

Figure 2.6: Illustration of 3D pillar electrode for 3D cardiac tissues [57].

2.2.5 Summary

This section has presented the most important electrical stimulation methods in 2D and 3D cardiac
cell cultures. Before the analysis of the principal and advanced electrical stimulation methods, the
most important parameters for a functional electrical stimulation are highlighted. The chapter then
continues with the analysis of electrical stimulation methods for 2D cell cultures. Microelectrode
arrays (MEA) made by different materials such as stainless steel, TiN or graphene, have been
developed providing a more precise model of signal recording and stimulation of cardiomyocytes.
A connection of MEA with fully programmable stimulators and the development of user-friendly
interfaces will provide better results in the electrical stimulation of cardiomyocytes using this technology
in the future. Besides, the presentation of the electrode materials and designs, a brief explanation of
the hardware part of electrical stimulator set ups is provided. As far as the stimulation of 3D cardiac
tissue is concerned, the progress of technology and engineering contributed to the transition from
simple methods of electrical stimulation of EHT such as external pacing electrodes or bioreactors to
more advanced methods such as interdigitated electrodes arrays or 3D pillar electrodes.
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2.3 Hardware designs of Electrical Stimulators

2.3.1 Introduction

Electrical stimulation is a method that has different applications ranging from rehabilitation treatment
for people who are suffering from spinal cord injury to excitation of cardiomyocytes in an EHT
platform in order to cause proper tissue maturation. Electrical stimulators are devices that have
been used to provide voltage or current pulses of proper intensity to the biological tissue, applied via
electrodes[58] [37][59]. Different hardware designs have been implemented to produce the biphasic
pulse. Some of the most common techniques are provided and discussed in the following section. Even
if the mentioned electrical stimulator systems, developed for different applications than ours, the main
hardware design principles used for the biphasic pulse generation remain the same. Two mechanisms
can ensure an efficient electrical stimulation, and are the most widely used by the scientific community:
voltage-controlled electrical stimulation (which includes the voltage controlled voltage source (VCVS)
and voltage control current source stimulation) and the current controlled electrical stimulation.
The main modules of which an electrical stimulator consists of, are the power supply, the pulse
generation unit, and the modulator unit. Usually, the pulse generation unit includes oscillator units
or microcontrollers that produce low power signals with adjustable frequency, width, and amplitude
[58] [37][59]. Then, the second module is the modulator which modulates the incoming from the pulse
generation unit signal in order to make the biphasic pulse. The biphasic pulse in most of the cases is
generated by using either the H-Bridge method or more simple and easier to control by using a series
of op-amp amplifiers. Many times, an output signal amplification is required to reach the desired
(high) amplitude (either voltage or current).

2.3.2 Voltage-Controlled Voltage Source(VCVS) vs Current Controlled
(CCS)

In voltage-controlled voltage source stimulation, the voltage remains stable during the stimulation but
the current changes when the load presents small changes during the experiment. This method which
is used for the development of cardiac pacemakers, provides high power efficiency due to the fact that
it lacks current injection control into the tissue[60][59][61]. On the other hand, current-controlled
stimulation provides a safer way of electrical stimulation in comparison with voltage-controlled
because the user can have better control of the current injection to the tissue. Although, this type
of stimulation has worse power efficiency compared to voltage controlled.

Whether the applied method of stimulation is voltage or current controlled, the hardware design of
the unit which generates the biphasic pulse remains the same. One of the most well-known methods
of producing biphasic pulse is the H-bridge. Another way is the use of a microcontroller and an
operational amplifier. Both of the methods are explained and a comparison study is conducted to
choose the best and most well-controlled method of biphasic pulse generation.

2.3.3 H-Bridge for Biphasic pulse Generation

An H-bridge circuit implementation includes four switches (Sl-S4) and two current sources. It is a
way of producing biphasic pulses precisely. The four switches act synergistically to achieve biphasic
stimulation. According to what is illustrated in the following figure (Figure 2.7) in the first state,
the switches are off to ensure that no current flows through the load at the beginning. In the second
state, the S1 and S4 are switched on, whereas the S2 and S3 are switched off. In this scenario, the
current flows from S1 switch of H-Bridge to S4, providing one phase of stimulation(the anodic pulse).
In the third state, the opposite concept takes place. The S2 and S3 are switched on, whereas the S1
and the S4 are switched off. The current flows from S2 to S4 creating the second phase of stimulation
(cathodic phase). The described circuit design has integrated also a voltage controlled current source
the main aim of which is to maintain the current stable even if the impedance alters during the
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experiment. The research team of Khosravani et al. (2011) [62]also developed an H-bridge circuit
to produce biphasic current over load. The switching of the transistors used in the proposed system
was achieved by a microcontroller. Although, no details provided it regarding the performance of the
circuit.

Figure 2.7: (a)Schematic representation of H-Bridge method for generating biphasic pulse. (b)The
relation among S1-S4 in order to produce the pulse. (c) Illustration of biphasic balanced current
pulse[62][63].

2.4 Operational Amplifier for biphasic pulse generation

Previous studies have shown that using an operational amplifier controlled by a microcontroller which
sends monophasic pulses of standard amplitude and frequency, it is feasible to generate rectangular
biphasic pulses[64]. More specifically, Elyahoodayan et al., developed an electrical stimulator for
neural applications based on a microcontroller which was programmed to generate PWM in a specified
range of frequencies and an operational amplifier was integrated in order to convert a PWM in a
negative pulse. In the next step an inverter amplifier was used in order to invert the signal to a
positive pulse. A similar technique was used also in the past by the research team of Shendkar et al,
but for different application as this electronic stimulator was designed and developed for producing
ankle dorsiflexion in patients with foot drop problems (Figure 2.8) [65].
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Figure 2.8: Depiction of a constant current biphasic stimulator for neural applications. It consists
of a microcontroller (MSP430) which produces a PWM at a very high frequency (up to 40 kHz).
The electronic circuit consists also of a second amplifier which generates negative DC voltage, (C)
an inverter amplifier that produces a positive DC voltage, (D) multiple analog switches and (E) a
converter which converts the voltage source to current source[64].

2.5 Voltage Source to Current Source Conversion

According to the previous discussion regarding the electrical stimulator circuit designs for cardiac
cell stimulation (Introduction), they are based on either voltage source or current source stimulation.
The majority of circuit designs that implement current source stimulation, use a voltage source in
the beginning to produce a voltage biphasic pulse, and then in the last step the voltage source is
converted to current source. This way, the applied current to the tissue remains stable even if the
load changes during the experiment. Different techniques have been implemented for the achievement
of this conversion. Among them, the two most popular hardware techniques are the Wilson current
mirror and the Howland Converter. As far as the Wilson Current Mirror technique is concerned, it is
a three-terminal circuit that gets an input current at the input terminal and produces a ”mirrored”
current source or sinks output at the output terminal. Actually, the mirrored current is an accurate
copy of the input current. Another way of voltage to current source conversion is named the Howland
Converter or Howland Charge Pump Circuit [66].This technique is based on the use of an operational
amplifier and a bridge of precise resistors and it is going to be analyzed in the next sub-section.

2.5.1 Wilson Current Mirror Technique

Wilson Current Mirror is an improved version of simple current mirror technique used for generating
a current source. It is implemented in many pulse generator’s designs to provide output stable current
which is independent of the load (Figure 2.9).
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2.5. VOLTAGE SOURCE TO CURRENT SOURCE CONVERSION

Figure 2.9: Illustration of Wilson current mirror technique: The current in the output is equal to the
input current[67].

If it is assumed that all transistors have the same current gain ß and Q1 and Q2 are matched, their
collector currents are equal. Therefore, IC1 = IC2(= IC)andIB1 = IB2(= IB).

In this case the base current B3 is driven by:

IB3 =
IC3

β
(2.1)

. The emmiter of Q3 current

IE3 =
β + 1

β
IC3 (2.2)

IE3 = IC2 + IB1 + IB2.

Substituting for IC2, IB1 and IB2, IE3 = IC + 2IB, so

IE3 = (1 +
2

β
)IC (2.3)

Substituting for IE3,
β + 1

β
IC3 = (1 +

2

β
)IC (2.4)

, rearranging

IC = (
β + 1

β + 2
)IC3 (2.5)

The current through R1 is given by, IR1 = IC1 + IB3

But, IC1 = IC2 = IC

Substituting for IC and since IC3 = IB3
β we get,

IR1 = (
β + 1

β + 2
)IC3 +

IC3

β
(2.6)

Therefore,

IR1 = (
β + 1

β + 2
+

1

β
)IC3 (2.7)

Finally,

IC3 =
IR1

1 + 2
β(β+2)

(2.8)
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2.5. VOLTAGE SOURCE TO CURRENT SOURCE CONVERSION

But because 2
β(β+2) is much smaller than 1, IC3 ≈ IR1

And the output current (assuming the base-emitter voltage of all transistors to be 0.7 V) is calculated
as,

IC3 ≈ IR1 =
V 1 − V BE2 − V BE3

R1
(2.9)

The research group of M. Yochum et.all [67] designed the following topology (Figure 2.10) using
two Wilson current mirrors to achieve a biphasic current pulse. More specifically, they used one
operational amplifier (OPA) as a buffer, main purpose of which was to create a zero input current.
After using this operational amplifier, the transistor Q1 and the resistance control the current I1
which is then copied in the load by implementing Wilson current mirror technique. I1 = V

R1

Figure 2.10: Two current mirror as a technique to produce biphasic current pulses for electrical
stimulation[67].

2.5.2 Voltage to Current Converter

The research team of F. Brunetti ,implemented a different way of producing output current in biphasic
pulses for robotic applications. This method is based on a voltage-to-current converter. This converter
consists of an operational amplifier and a bridge of high-precision resistances. The advantage of
this method is that due to the amplifier specifications the rising and falling time of the pulse is
fast in comparison with other methods and also the amplifier gain that is created is stable.The
following Figure 2.11 explains the design of the voltage to current converter they used[68].The
current in this case is related to the programmed voltage through the following equation as long
as R1=R2=R3=R4a+R4b Iout = V 1

R4b
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Figure 2.11: Circuit design of voltage to current converter implemented in electrical stimulator for
robotic system[67]

The Howland converter is able to offer high output impedance implementing low complexity, avoiding
the use of any transistors or switches for this purpose. One disadvantage that maybe this method
creates is that the accuracy depends on the resistors tolerance and the attributes of the operational
amplifier.

2.6 Hardware designs conclusions

In most of the aforementioned hardware designs either voltage or current controlled, the way of
biphasic pulse generation is similar. H-bridges are a more complicated way of producing biphasic
pulses because an accurate and well-controlled monitor of the signals sent from the microcontroller to
the MOSFET is required. For this reason an advanced microcontroller must be used. From the pulse
quality point of view, H-bridges generates rectangular pulses independent on pulse duration[62][63].
The use of operational amplifier and a microcontroller for biphasic pulse generation can be characterized
a less complicated and better-controlled method of generating pulses.The advantage of this method in
comparison with the H-Bridge method is that the pulses are easily created and the switching time of
pulses is always the same due to the function of the differential operational amplifier. The quality of
the pulse also is similar to the quality of the pulse which is produced by using the H-bridge method.
The most widely known techniques for voltage source to current source conversion is the Wilson
Current Mirror Technique and the Howland Converter. The first one is a transistor-based technique
where the current on one side of the transistor is copied to the other and as a result of this, the
current remains stable and independent of the load[67]. The second one, can be developed by using
an amplifier and a bridge of resistors. An important consideration that should be taken into account
in this case, is to select resistors with high precision to achieve the desired balance in the system and
keep the current stable despite of the impedance changes. After all, the selected method of biphasic
pulse generation is the use of a microcontroller which generates well-defined monophasic pulses and
a series of operational amplifiers for the conversion of previous pulses to a biphasic rectangular pulse.
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CHAPTER 3

DESIGN OF A PULSE GENERATOR SYSTEM

3.1 Introduction

In this chapter, the design of an electrical generator device for producing perfect rectangular biphasic
pulses using a voltage source is presented. The principle aim of the EHT stimulator is to provide
rectangular biphasic pulses for the electrical stimulation of cardiomyocytes in an EHT platform.
One of the main characteristics of this device is that it allows the user to regulate the range of the
voltage values applied to the tissue(up to 15V), by using a potentiometer. Furthermore, through a
user-friendly interface, the control of frequency, duty cycle, and the selection of specific for stimulation
channel is feasible. A current measurement circuit is also integrated into the device allowing the user
to observe the amount of current that passes through the electrodes and regulate accordingly the
voltage to the desired levels establishing the device as a voltage controlled biphasic pulse generator.
As mentioned in previous chapters, the amount of current that causes excitation of cardiomyocytes
without damaging the tissue and leading to death is up to 10-15mA. Taking into consideration this
important parameter the system designed in a way that keeps the amount of current to a safe level (up
to 10mA) preventing potential damage of cardiomyocytes.Since the future aim of this system is to be
used for electrical stimulation of 16 EHT platforms with integrated electrode chips, the architecture
of the pulse generator circuit supports sixteen different channels for the electrical stimulation of
cardiomyocytes.
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3.2 Important Parameters for the circuit design

3.2.1 Equivalent circuit of electrode and cardiac cells interface

Equivalent circuit models have been widely used to model the electrical properties and the impedance
of the interface between the electrode and the electrolyte. Previous studies in early 1899 Warburg
revealed that the interface between the electrode and the electrolyte could be fully described by a
polarization resistance in series with a polarization capacitor [69]. More specifically, the well known
Randles’ model which is illustrated in the following Figure 3.1 consists of a capacitance called double
layer capacitance in parallel with the electrode’s resistance. This electrode’s resistance is in series
with the electrolyte resistance, in our case the cardiac cells[70].

Figure 3.1: Randell’s circuit for modelling the load of the pulse generator circuit[70].

Implementing this model to specify the load of the electrical stimulator, individual calculations
took place in order to find out the values of the electrode resistance, solution resistance (cardiac
cells). Since the electrical stimulator system was designed before the completion of electrodes and
their characterization of them, a theoretical calculation of electrodes resistance gave a good sense of
the resistance. The impedance of the TiN electrode is going to be tested later by conducting EIS
(Electrochemical Impedance spectroscopy in a range of 1Hz to 1KHz). Since the resistivity of the
TiN electrode is known from previous studies 1.1* 10−7 Ωm and the dimensions of the electrode
(Cross sectional Area and Length) is known as proper masks with the corresponding dimensions was
previously designed by M.Dostanic, the value of TiN electrode resistance can be obtained (Figure
3.2).

Figure 3.2: TiN electrodes shape and contact pads illustration CAD model
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The total length of the electrode’s interconnects was designed to be 3.46mm while the cross sectional
area of each electrode is 50um. The TiN electrode resistance can be calculated from the following
formula:

Rp = p
L

A
(3.1)

By substituting p=1.1∗10−7 Ωm, L=3.46∗10−3m and A=50∗10−6m,

Rp = 7mOhm (3.2)

The resistance of the cardiac cells according to previous studies ranging between 300-400 Ohm[71].
The double-layer capacitance which is created between the electrode and the electrolyte is going to
be specified after making Electrochemical Impedance Spectroscopy measurements for the electrodes.
The literature study alongside the aforementioned calculations provides a good sense of the cardiac
cells load. However, the designed electrical stimulator can provide current up to 10mA, even in higher
values of loads than that. The simulations and the experiments that were conducted can verify the
previous argument[72][70].

3.3 System’s specifications

The designed EHT stimulator delivers short pulses in the range of 0.25ms, at very low frequencies
of 1-5Hz. The user is able to change the value of the frequency by steps of 0.1Hz according to the
experimental conditions and the needs of the experiment. The maximum desired current must not
exceed approximately the 12mA. The specifications of the system are briefly presented in the following
Table 3.1:

Table 3.1: Specifications of Pulse Generator Circuit

Type of Pulse Biphasic Rectangular Charge-Balanced

Voltage up to 24V(±12V)
Current Limitation up to 12mA
Frequency Range 1-5Hz (step 0.1Hz)
Duty Cycle 0-25ms(step 0.1)
Channels 16

Taking into consideration these requirements the pulse generator circuit was designed using firstly
LT-spice simulation tool to simulate the possible solution of generating the biphasic pulse and the
KiCad software tool to develop the schematics and the Printed Circuit Board(PCB). In the following
figure, the general block diagram of the EHT pulse generator is presented. As it is shown the pulse
generator schematic is divided into six units (Figure 3.3).

(i) The user interface

(ii) The Micro-controller Unit

(iii) The main waveform generation unit

(iv) The circuit which measures the current and keeps it to safe levels

(v) The demultiplexing unit which drives the current to 16-electrode chips (Figure 3.3).
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Figure 3.3: Block diagram of Power Supply system of the pulse generator circuit.

3.4 Design of Power Supply System

The range of the operational voltage of the EHT pulse generator is low (up to 12Volts). Therefore,
the selected power supply unit of the system based on the use of batteries of 15Volts or an external
charger of 15V is also recommended. The primary function of the power supply system consisted of
two converters, is to provide voltage to all the electronic components of the EHT pulse generator. In
the next Figure 3.4, a block diagram of the designed power supply unit is provided.

Figure 3.4: Block diagram of Complete Electrical Stimulator for EHT platform. The Power
management System which supplies power all sub-units is illustrated together with the main unit
of biphasic pulse generation.
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3.4.1 Description of Charge Pump Converter

The first converter is a low noise dual supply inverting charge pump (LTC3260EMSE). It consists of
an inverting charge pump with both linear positive and negative regulators (LDO+, LDO-). Linear
regulators(positive or negative) operate as voltage dividers. In particular, the internal resistance is
varied to maintain a constant output voltage. These regulators that are also integrated in the charge
pump chip provide a very stable output with low ripple and noise.

The principle function of this converter is to convert the 15V of battery supply to +12V and -12V in
order to supply voltage to the op-Amp amplifiers, which are used to generate biphasic pulses. The
selected charge pump can operate in a wide range of 4.5V to 35V while the output current of this
converter can reach up to 100mA.

The charge pump presents two modes of operation, the burst mode and the low noise constant
frequency mode. In Burst Mode output voltage of the charge pump converter operates to 0.94VIN,
and the LTC3260 quiescent current is only 100 µA, while both LDO regulators are on. On the other
hand, in constant frequency mode, the charge pump generates an output equal to VIN and operates
at a standard 500kHz or between 50kHz to 500kHz which can be achieved using an external resistor
on the RT pin. At this point, it is important to highlight that at lower frequency levels the open-loop
output resistance of the charge pump converter is higher and thus, the charge pump offers a lower
average output current. In the cases when the RT pin is directly grounded, the part operates at a
constant frequency of 500kHz so the output current is higher. For this reason, in our case, the RT
was not grounded directly but through a resistance of 200k [73].

The (Figure 3.5) refers to the internal design and the pin functions of the chip, while (Figure 3.6)
demonstrates the values of the selected capacitors and resistors integrated in the circuitLTC3260EMSEPBF.
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3.4. DESIGN OF POWER SUPPLY SYSTEM

Figure 3.5: Schematic of the dual charge pump circuit that generates ±12Volts for the power supply
of amplifiers[73].

Figure 3.6: Schematic of the dual charge pump circuit that generates ±12Volts for the power supply
of amplifiers[73]
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The output of the positive and negative regulators (LDO), can be adjusted to the desired voltage
level(+-12V) by using a voltage resistor divider in the output. In detail, the positive Linear Dropout
Regulator (LDO+), which is illustrated in the schematic, is powered from the VIN pin and drives the
LDO+ output pin to a voltage adjusted by the resistor divider connected between the LDO+, ADJ+
and GND pins. For stability reasons in the circuit design,three ceramic capacitors are integrated into
the LDO+ output. It is also worth mentioning that the LDO+ is enabled or disabled using the EN+
logic input pin. The equation that is used in order to calculate the values of the resistor’s dividers
that provide the desired voltage of +12V is the following: [73]

VLDO+ = VREF
R6

R7
+ 1 (3.3)

Respectively, the output of the negative regulator LDO- can be adjusted using resistor dividers in
the same way as it was analyzed before, and according to the equation:

VLDO− = VREF
R8

R9
+ 1 (3.4)

Since the
VREF = 1.2V (3.5)

according to the datasheet and:
VLDO+ = 12V (3.6)

By dividing the (3.3) by (3.4), the values of the resistor dividers are obtained.

R7 = 101k,R6 = 909k (3.7)

3.4.2 Description of Buck Converter

The designed power supply system consists also of a DC-DC step-down converter (buck converter)
that is the main source of power supply for the microcontroller (Figure 3.7). The buck converter
steps down the voltage (while stepping up current) from its input (supply) to its output (load).

The basic operation of the buck converter has the current in an inductor controlled by two switches
(usually a transistor and a diode) The selected buck converter has two integrated n-channel MOSFETs
one for the high side and one for the low side. In some cases, the low side MOSFET can be replaced
by a diode but in the selected buck converter a low side MOSFET has been chosen as it prevents the
system from high losses[74].

The conceptual model of the step- down converter is understood better in terms of the correlation
between the current and voltage of the inductor. In more detail when the switch is open (off-state),
the current passing through the circuit is zero. The time when the switch is closed for the first time
(on-state), the current starts to rise, and the inductor generates an opposing voltage as a response
to the current that changes. This voltage drop counteracts the voltage of the source and therefore
reduces the net voltage across the load. Over time, the ratio in which the current changes, decreases,
while the voltage across the inductor also decreases, causing an increase in the voltage at the load.
That time, the inductor stores the energy in as a magnetic field[74].

In the case when the switch is opened while the current is still changing, a voltage drop across
the inductor is presented, in order the net voltage at the load to be less than the input voltage
source. The time when the switch is opened again (off-state), the voltage source will be removed
from the circuit, and the current will decrease. The decreasing current generates a voltage drop
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across the inductor (opposite to the drop at on-state).In this case, the inductor becomes a Current
Source. The stored energy in the inductor facilitates the current flow via the load. The ”increase”
in average current is responsible for the reduction in voltage. When the circuit is off, the inductor
discharges its stored energy into the rest of the circuit. In the special scenario when the switch is
closed again before the inductor fully discharges (on-state), the voltage at the load will always be
greater than zero[74]. The selected buck converter chip TPS54335-2A, can take as an input a voltage
that ranges from 4-28V and steps it down to 8V. The voltage in the output can be adjusted to the
requirements of our system using a voltage divider.

R6 = R5
VREF

VOUT − VREF
(3.8)

In our case, the desired voltage in output is equal to 8V and the V reference according to the datasheet
of the device is 0.8V. This way, by replacing these values in the above equation and assuming that
the R5=100k, the value of R6= 11.1k

Figure 3.7: Schematic diagram of Buck Converter which supplies with voltage the microcontroller[74].

Calculation of Minimum Value of the output inductor

The most significant component that must be selected for the output filter is the output inductor
(L). The following calculations support the value of the inductor used in the presented design:

LMIN =
Vout ∗ (Vin − Vout)

Vin ∗KIND ∗ Iout ∗ fsw
(3.9)

By substituting in the aforementioned equation the desired Vin=15V and Vout=8V the value of the
inductor is obtained. Thus, for the design, a close standard value of 10 µ was selected for the inductor.

In addition, in order to ensure that the selected inductor will be functional, the RMS current (the
amount which the current changes through switching) and the saturation current must be calculated
according to the following equations.

IL(RMS) =

√
I2out +

1

12
∗ (

Vout ∗ (Vin − Vout)

Vin ∗ Lout ∗ fsw ∗ 0.8
)2 (3.10)

Making the proper calculations the value of the RMS current is:

IL(RMS) = 3.02A (3.11)
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Calculation of Peak inductor current

IL(PK) = IOUT +
Vout ∗ (Vin − Vout)

1.6 ∗ Vin ∗ Lout ∗ fsw
(3.12)

Thus IL(PK) = 3.607A.The inductor must meet these requirements for the ripple and peak current.
Since the selected inductor has RMS current equal to 4A and saturation current equal to 5.5A, it
meets the calculated requirements.

3.5 Uni-phasic to Bi-phasic pulse converter system

After designing the power supply system according to the requirements of our system, the next and
the principal goal of the thesis is to create a unit that generates biphasic rectangular pulses. The
most efficient and cost effective way of biphasic pulse generation was selected. This includes the use
of a microcontroller and an operational amplifier to create perfect rectangular biphasic pulses from a
voltage source.

3.5.1 Analysis of Selected Method

In the previous section, the most well-known methods of biphasic pulse generation were compared
and analyzed. After this, the selected method for biphasic pulse generation is the use of in series
op-amp and a microcontroller which is programmed to produce well-defined PWM waveforms as an
input to the operational amplifier. This method of generating biphasic rectangular pulses is inspired
by a previous design of a pulse generator circuit for electrical stimulation of human skin. This
idea was elaborated and adjusted to the requirements and the needs of our pulse generator for the
electrical stimulation of cardiomyocytes[65]. In addition, new circuit designs were invented in order
to support the needs of our circuit. More specifically, the proposed design includes measurement
circuits for voltage and current measurement that are applied to cardiomyocytes. In addition, the
final signal is de-multiplexed in 16-in total electrode chips. For this reason, the system was designed
in a way to be compatible with a second PCB (Printed Circuit Board) which hosts 16- electrode chips.
Furthermore, the designed circuit supports a safety system that measures the current passes through
the cells and when this current exceeds the desired threshold (up to 10mA) the electrical stimulator
stops producing biphasic pulses, protecting this way the stimulated cells. A low-cost and user-friendly
microcontroller(ATMEGA328)can be used in order to generate two monophasic pulses(PWM) of 5V.
These two monophasic pulses are going to be the input in a differential amplifier(opa196),the main
purpose of which is to convert these pulses to a biphasic pulse with an amplitude of ±12V (Figure
3.8).

Figure 3.8: Schematic representation of the proposed method for biphasic pulse generation.

Another similar way of pulse generation based on the use of an advanced microcontroller and an
operational amplifier. In this case, the digital to analog converter of a microcontroller or an external
digital to analog converter generates multiple analog signals. These analog signals are sent then to the
input of an operational amplifier to create the biphasic pulse. This way biphasic pulses in different
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voltage ranges are created. This method was also simulated in the LTSpice software tool. As far as
the quality of the produced biphasic pulse is concerned, it is identical to the proposed method. This
method is considered more expensive and more complex than the proposed because in the first one a
low-cost microcontroller such as ATMEGA328 can be used. Also, ATMEGA328 which is integrated
into Arduino Nano has more user-friendly programming environment and user interface. For this
reason, the second method was rejected and the focus is on using an Arduino Nano microcontroller
to create two PWM with specific characteristics. However, the LTSpice simulations of the second
method are also provided in the Appendix.

3.6 MCU unit and PWM generation

Pulse Width Modulation (PWM) controls analog signals with the digital outputs of a microcontroller.
In this technique, the use of Digital-to-Analog conversion is not a requirement because the noise effects
are eliminated by keeping the signal digital. In the aforementioned technique, the energy is distributed
through pulses (in series) in comparison with an analog signal which varies.

Digital control is applied to create a square wave, a signal that presents two modes ON and OFF. In
our system design, an Arduino microcontroller was used (ATMEGA 328 processor) which generates
pulse voltages up to 5V. By programming the corresponding outputs (D9 and D10) to generate PWM
in specific frequencies the on-off pattern between 0Volts and 5Volts is observable. The time interval
in which the pulse is ON is called pulse width. In the PWM technique, the frequency that is used is
standard but the duty cycle changes and can be easily adjusted by programming the microcontroller
unit. The following picture (Figure 3.9) illustrated the Duty cycle concept of PWM.

Figure 3.9: PWM waveforms for different values of Duty Cycle. For 0 Duty cycle the PWM signal is
off, for 50 Duty cycle half of the signal is OFF and half of the signal is ON, 75 Duty Cycle 75 is ON
and 25 is OFF and 100 Duty cycle means that the PWM is ON. [75]

The ATmega328P consists of three timers Timer 0, Timer 1, and Timer 2. Each of them presents
two compare registers that monitor the width of PWM for the timer’s two outputs according to
the following way. If the timer is equal to the compare register value, a toggle is observed in the
corresponding output. The outputs of each timer may have exactly the same frequency, but the duty
cycle varies[76].
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The timer clock is generated by a prescaler. In particular, the clock of the system is divided by
a prescaler such as 1, 8, 64, 256, or 1024. The Atmega328 has a system clock of 16MHz and the
timer clock frequency will be the system clock frequency divided by the prescaler factor. Due to
the fact that the application of electrical stimulator includes biphasic pulses in very low frequency
1-10Hz a large prescaler should be used (1024). The timer which supports so high value of prescaler
is timer1 and the output pins are D9 and D10. Thus, these output pins were programmed with the
timer interrupt method to provide monophasic pulses up to 5V with a 180 phase difference between.
Timers can be configured in different modes [77][76].

The mode that was used in order to create the monophasic pulse in low frequencies was the CTC
mode. CTC mode means, Clear timer on compare match. When the timer counter reaches the
compare match register, the timer will be cleared. At this point, the timer generates an interrupt
when there is a match with the compare register.

In the following paragraph, the concept of interrupt is explained because this method was implemented
in the microcontroller to generate two PWM with 180 degrees phase shift, in very low frequencies.

In the microcontroller, the program is running instruction by instruction. An interrupt occurs
externally and stops the instructions of the program to be executed while it runs a specific interrupt
service routine (ISR). When the ISR has been completed, the program continues to execute the next
instruction[76].

After the ISR has been finished, the running program is continued with the next instruction. Interrupts
are generally enabled/disabled with the function interrupts() / noInterrupts(). By default in the
Arduino firmware interrupts are enabled. Interrupt masks are enabled / disabled by setting / clearing
bits in the Interrupt mask register (TIMSKx)[76].(see the code in C++ at the end of the chapter).

Through the proposed design of the electrical stimulator the user will be able also to change the duty
cycle of the biphasic pulse. The duty cycle of a biphasic pulse as it was explained also previously, is
defined as the percentage of which the pulse is activated (ON-state, anodic and cathodic activation)
over the period of the pulse. Thus, the microcontoller was programmed to calculate the duty cycle
in the following way: the frequency of the pulse was divided by 100 and by using a counter and a
variable which takes various values depending on the desired duty cycle the duty cycle is calculated
and implemented on the pulse (see full code in Appendix, and testing part). The next Figure 3.9
presents a small part of the code which shows the CTC mode, the timers that were used for the
specific low frequencies and the way that the interrupts were activated.

Figure 3.10: Control the clock frequency of the microcontroller to achieve low frequencies in the range
of 0.5-5Hz
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3.6.1 Opamp for biphasic pulse generation

Due to the fact that the input of the differential amplifier is two independent rectangular monophasic
pulses of 5V, the circuit design that corresponds to the needs of our system is the following (Figure
3.11):

Figure 3.11: Schematic design of the amplifier circuit that will use in our case.

V out = mV in+ b (3.13)

m =
R2

R1 +R2

RF +RG
RG

(3.14)

b = V ref
R1

R1 +R2

RF +RG
RG

(3.15)

Using the aforementioned equations it is observable that in the cases when VREF=Vin=5V, then
Vout=0 and thus we can observe a zero pulse in the output. On the other hand in cases when
VREF=5V and Vin=0V then in the output we can observe a pulse of +12V after amplification. In
the end, in cases when VREF=0V and Vin=5V a negative value of -12V is observed in the output.
Solving the previous equations the values of resistors were calculated to be: RF=120K, RG=29.1k,
R1=24.3k, R2=100k

The second in series op-Amp amplifier is used as a buffer amplifier. Its purpose is to improve the
stability and consistency of the generated by the first amplifier signal. More specifically, a unity gain
buffer amplifier is developed using an opamp in a negative feedback demonstration. As it is shown in
the Figure 3.12,the output is connected to its inverting input while the signal source is connected to
the non-inverting input. Although its voltage gain is equivalent to one or unity, it presents high input
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impedance and low output impedance. It is used to avoid loading of the signal source. The buffer
op-amp can adjust its voltage in the output equal to the voltage in the input. Due to the fact that
the voltage in the output follows the voltage in the input the circuit in other words called op-amp
voltage follower.

The third in series amplifier is an inverter amplifier. Its purpose is to invert the signal in the input
of the amplifier keeping the same value of amplitude. In parallel with this amplifier, a potentiometer
is placed. The potentiometer has the ability to regulate the voltage range. Thus, the user is able to
select the desired output voltage for the stimulation.
In the following section the results from EHT pulse generator circuit simulations in LTSpice are
presented (Figure 3.13, 3.14, 3.15).

Figure 3.12: Circuit design for the simulations in LTSpice software tool.

Figure 3.13: Output from the simulation of the first amplifier which takes as an input two biphasic
pulses with an amplitude of 5V and converts them to ±12V biphasic pulse.
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Figure 3.14: Output from the simulation of the second in series amplifier (buffer amplifier) which
purpose is to improve the quality and consistency of the signal. The black line in the signal indicates
the difference in comparison with the first signal.

By rotating the potentiomer and consequently change the resistor value we can achieve a wide range
of voltage amplitudes from 0-12V. The following Figure 3.15 presents a biphasic output signal of 6V,
obtained by the simulations in LTSpice.

Figure 3.15: Output from the simulation of the third amplifier in parallel of which a potentiometer
was placed.

3.7 Demultiplexing the rectangular biphasic signal to the output

As mentioned before, the proposed electronic circuit consists of a driver unit. The driver unit is
the unit that drives the rectangular pulses stemming from the amplifiers, to the desired electrode
chip through the use of Demultiplexers. A demultiplexer is a circuit consisting of a single input and
multiple outputs. In other words, a demultiplexer converts a serial data signal at the the input to a
parallel data at its output lines. By applying a control signal the input can be directed to the output.
More specifically, a demultiplexer of 2m outputs has m select lines (control bits), used to select the
output line in which the input signal will be directed.

In our case, due to the fact that the whole set up was designed for a 16-well plate of EHT (16 chips
with two electrodes each, perpendicular to the pillars) two demultiplexers 1:8 was used to fulfill the
needs of our system. The selected demultiplexers have 8 outputs. Each of the 8 outputs is connected
to one of the two electrodes of the EHT platform, while the second electrode of the EHT platform is
grounded. This way, we can achieve the creation of an electric field above and perpendicular to the
pillars of the EHT platform. In the following paragraph the exact mechanism of a 1-8 Demultiplexing
unit is going to be analyzed.
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The selected demultiplexers for the designed electronic circuit are the ADG1408 monolithic iCMOS
analog multiplexers/demultiplexers comprising eight different channels[78]. The 3-bit address lines
A0, A1,A2 determine the input to one of the eight outputs. It is worth mentioning that this type of
switches can be used as multiplexers and as demultiplexers due to the fact that the inputs can be also
used as outputs and reversely. In addition, the most important characteristic is that this electronic
component can be powered from a dual power supply establishing it suitable for our application
(Biphasic rectangular pulses). According to what is mentioned before, two demultiplexers will be
used in order to drive the biphasic rectangular pulse to sixteen in total electrode chips. The following
schematic design (Figure 3.16) explains all the pin-out connections between the demultiplexers and
the microcontroller which monitors the operation of the demultiplexers by programming the unit
properly[78].

Figure 3.16: Conceptualized schematic of microcontroller and demultiplexing unit

3.8 Measuring the current through the electrodes

One of the most important characteristics of this system is the potentiality to measure the value of
the current that passes through the electrodes. This is a major advantage for the experimental set
up, allowing the user to adjust the voltage according to the value of the current that passes through
the electrodes. This scenario was implemented by using a precise current sense amplifier.

The most common method is to perform an indirect measurement by measuring the voltage across
a precision resistor and using Ohms law to measure the current across the resistor. According to
Ohms law in an electrical circuit, the current passes through a conductor between two points is
directly proportional to the potential difference across the two points and inversely proportional to
the resistance between them. The most common sensing element used to detect current flow is a low
value, precision resistor(shunt resistor) placed in the current path. This resistor develops a voltage
across, proportional to the current passing through it. Because the shunt resistor should not affect
the current flow significantly, it is quite small in the order of mOhm. As a consequence, the voltage
developed across the shunt resistor is also quite small, and often requires amplification before being
connected by an ADC[79]. For this reason, it is important to use an amplifier that amplifies the
very small voltage across to the resistor and then an ADC from the microcontroller to convert the
amplified voltage into a digital representation.
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Taking into consideration the basic function of a current-sense amplifiers which was analyzed previously,
and taken as granted that the ADC of the microcontroller can measure voltages up to 5V and cannot
measure negative values, a voltage reference must be created. Due to the fact that the signal that
is sent from the amplifier to the microcontroller will be up to 5V and the amplifier gain is 100, a
voltage reference of approximately 2.75V must be developed. According to the following equation
Vout=mVin +b, when the Vin will be 12V, the amplifier will sent to microcontroller 5V. When the
Vin will be 0V the amplifier will send 2.5V and when it is 0v will send 2.75V. A zener diode was used
in order to create a voltage reference. The breakdown region of the selected zener diode is at 2.75V.

In the following Figure 3.17, the schematic of the current measurement circuit is illustrated designed
with KiCaD software tool.

Figure 3.17: Schematic of circuit which measures the amount of current passing through the connected
electrodes

3.9 Circuit for Measuring the applied voltage amplitude

Apart from the current measurement capabilities of the system, the designed pulse generator circuit
measures also the applied voltage to cardiomyocytes. This is a principal specification of an experimental
set up allowing the user to measure and observe the voltage amplitude precisely without the using
of an external device such as a multimeter or an oscilloscope. This way, the parameters of electrical
stimulation can be adjusted to the desired levels in a more automated way.

The voltage measurement will be achieved by using the Arduino (ATMEGA) microcontroller. In
previous chapter,it was explained that the selected microcontroller is able to measure a voltage signal
up to 5V. The input voltage amplitude in the amplifier will be up to 12V. Due to the fact that it is
a biphasic pulse, it includes also negative values up to -12V. Thus, the idea behind the designing of
the electronic voltage measurement circuit, is to use an operational amplifier and calculate its gain
according to the following concept (Figure 3.18). When the value of the voltage input signal is 15V,
the operational amplifier will convert it to 5V according to the following calculations (a value that
can be measured by the microcontroller). Accordingly, when the value of voltage is 0V, the amplifier
will amplify it to 2.75V(which is a voltage reference made by using a zener diode). Due to the fact
that the microcontroller is able to calculate voltages in the range of 0V to 5V, the proposed idea is
an accurate way to measure the amplitude of the signal applied to cardiomyocytes.
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In the next paragraph all the calculations for specifying the desired gain of the amplifier are presented.

Figure 3.18: Schematic design of the circuit for measuring the applied voltage.

In following calculations it is assumed that Vin=12V, Vout=5V in the first case and Vin=0V,
Vout=2.5V in the second case. The gain and the offset of the amplifier were calculated m=0.16 and
b=2.5. According to the following equations and substituting the m and b, the value of R1,R2,RG
and RF can be calculated.

m =
R2

R1 +R2
∗ Rf +RG

RG
(3.16)

b = Vref
R1

R1 +R2
∗ Rf +RG

RG
(3.17)

R1 = 10k,R2 = 2k,RF = 1.6k,RG = 8k The entire schematic diagram of the electrical stimulator is
presented in the appendix.

3.10 Current Source Electrical Stimulation

So far, voltage-controlled or current-controlled electrical stimulation methods are the most widely
used by the scientific community in order to achieve functional electrical stimulation and excitation to
cardiomyocytes. As it was analyzed previously during the voltage-controlled stimulation the voltage
remains stable and the current changes according to the change of load. In this case, a constant
voltage is offered through the system regardless of the electrode impedance[80]. The previous design
of the pulse generator offers voltage-controlled electrical stimulation. On the other hand, an-other
method of electrical stimulation named voltage-controlled current source adjusts the current to adapt
the changes in impedance of the tissue-electrode interface[80]. In this scenario, we can have better
control of the current that passes through the tissue. According to previous research in this field,
there are cases in which the impedance of electrode-tissue interface changes during the experiment.
In these cases, it is highly recommended to keep the applied current to the tissue stable.

The effectiveness of electrical stimulation in cardiomyocytes depends also on the electrode’s material.
In particular, an electrode is characterized as ideal for stimulation when it delivers a high amount
of charge preventing potential irreversible electrochemical reactions such as corrosion of the metal
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or toxic chemical products produced by the stimulation process. In our experiments, Titanium
Nitride (TiN) was used as an electrode material. TiN has several advantages, among them and
the most significant is the capacitive charge injection mechanism that follows during the electrical
stimulation. The capacitive mechanism of charge transfer includes charging or discharging of the
electrode double layer. Specifically, the charge injected from the electrode attracts or repels ions
coming from the tissue. This way, pulses from ion current are created. Actually, there is no real charge
transfer across the electrode and the electrolyte interface[81]. This mechanism is considered an ideal
method of electrical stimulation because by charging and discharging the double layer capacitance,
electrochemical reactions are eliminated. Previous studies have shown that TiN as material presents a
more stable behavior when charge-balanced stimulation is applied to it. As a result of this, a second
mode of charge-balanced biphasic pulses will be integrated into the existing electrical stimulator
circuit. Including these two modes of electrical stimulation (biphasic pulses with voltage source and
biphasic pulses with current source stimulation) the user will be in a position to compare the results
of stimulation and follow the most efficient and stable method regarding the electrode’s material and
the properties of cardiac tissue [81].

For this reason, the designed electrical stimulator circuit was further advanced to provide both
voltage source and current source stimulation, introducing the charged-balancing technique in the
system. The update of the presented design will allow biologists to switch between voltage source
and current source stimulation and make comparisons between them determining the best way of
electrical stimulation and excitation of cardiac cells.

3.11 Voltage to Current Source Stimulation

3.11.1 Current Source

The current source of the electrical stimulator should be able to generate a constant current to
cardiomyocytes. The injected current should be constant and independent of the load impedance
in order to create better control of the electrical stimulation[82]. As it is shown in the next Figure
3.19, a current source offers an output impedance (Rout) that influences the precision of the current
delivered to the load (RLoad). More specifically, the current that is delivered to the load (ILoad)
depends on both impedance of the current source and the load impedance[82]. During the electrical
stimulation the load impedance is something dynamic that changes during the experiment. Thus, it
is difficult to predict accurately the value and for this reason, it is important to maximize the output
impedance of the designed system.

Iload = Iout
Rout

Rout+RL
(3.18)

Figure 3.19: A practical current source

The selected method of charged-balanced electrical stimulation is based on a voltage-to current
converter, called Howland charged pump circuit. The Howland current pump is a widely known
bio-electrical circuit, which is implemented in order to transfer accurate electrical currents. Bio-electrical
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current sources transfer a specific amount of energy to excite and stimulate biological volume conductors[83].
Until nowadays, various current source topologies have been applied in bioelectrical studies. However,
the Howland source remains the most well-known since it can be developed simply by using an
operational amplifier and a bridge of precise resistors. The tolerance of resistors is an important
parameter because the absence of good tolerance can lead to an imbalance between transfer function
in positive and negative input [83][84][85]. Previous research in this field has shown that the Howland
presents similar performance and results to other more complex and advanced current sources.

For the implementation of this idea, different parameters must be considered to ensure the accuracy
of this method. First, a good operational amplifier must be selected. The slew rate of the amplifier
needs to be high enough in order to allow for fast setting time of the output current. It would be
also important that the operational amplifier draws relatively low current in order to minimize the
power consumption of the system. As far as the resistors that are going to be used to create the
bridge, they must have very good tolerances because possible mismatches of the resistors could lead
to inaccuracies in the output current. For this reason resistors with tolerance 0.05% for this circuit
design. In the following Figure 3.20, the hardware circuit of Howland Current Pump is demonstrated
to provide full explanation regarding the basic circuit operation.

Figure 3.20: The Improved Howland Current Pump Method for current controlled
stimulation[83][84][85].

The Howland is unique method of voltage-to- current converter because it has both positive and
negative feedback paths. The feedback paths are balanced when the resistors are matched according
to

R4

R3
=
R2a+R2b

R1
(3.19)

When there is a good balance of bridge resistors a voltage controlled current source stimulation is
achieved. The balancing of the method was ensured by integrating very sensitive resistors 0.05 or less
tolerance. In this case, the gain is set by R13, modified by the ratio of R14/R15 (which is typically
1/1). [85]

The selected operational amplifier for this circuit design is the OPA462. The selected amplifier has
a high slew rate of 32V/µ. The typical supply current that draws this amplifier is 3.2mA while the
maximum is 3.5mA. It would be good that the power consumption of this device is at low levels.
Although, the power supply of the proposed electrical stimulator can be replaced by an external
charger instead of batteries making this consideration a second priority of the circuit design. The
circuit model for the simulation of the voltage to current source converter is provided in the next
figure. In order to investigate the efficiency of the proposed converter, three different values of load
were used for the simulations in LTSpice (Rload=300Ω , 500Ω , 1 kΩ ). The next Figure 3.21 shows
the circuit design of Howland converter while the Figure 3.22 shows the output signal from LTSpice
simulations.
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Figure 3.21: Howland circuit with the used values of resistors. The Rload of this circuit tested for
different values (300Ω, 500Ω, 1kΩ).

In the following figure, the simulation result of the voltage-controlled current source electronic circuit
for different values of output load is provided. The output was exactly the same for the three different
values of resistors and the current remained stable at 7mA. By rotating the potentiometer the current
can be increased or decreased.

Figure 3.22: The Improved Howland Current Pump Method for Voltage Controlled Charge-Balanced
method. The current remains stable at 7mA and independent of the load.

At this stage it is important to highlight that in order the electrical stimulator to support this system
advance (Howland converter), some changes in the power supply system were considered essential.
More specifically, in the previous method, batteries up to 15V or an external charger can be used as
a power supply unit. Then using the proper converters (Buck converter and dual charge pump) the
power was distributed to all of the electronic components of the system. In this case, the converter of
the circuit must be supplied with voltages up to 30V according to the previous calculation analysis.
The power supply of the operational amplifier should be at least double of the Vout of the load
in order to keep the current stable even if the load in the output changes. Since, the systems was
designed to provide up to 15V (negative and positive rails) the power supply of amplifier should be
at least double of this value. The next Figure 3.23, demonstrates the changes in the power supply
system in order to support the voltage to current source converter (Howland Converter) while the
Figure 3.24 presents the 3-D CAD model of the designed PCB.
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Figure 3.23: The updated power supply system consists of an external charger (30V) and a power
management system. The power management system includes a buck converter which supplies the
microcontroller and a dual charge pump converter which supplies the biphasic generation unit and
the measurement circuits.

After the changes to the power supply system the new PCB was designed and the 3D version of the
KiCad model is provided.

Figure 3.24: 3D CAD Model of Pulse Generator Circuit for Electrical Stimulation of Cardiomyocytes
in an EHT platform.

3.12 Design of a PCB for 16- integrated electrode chips

The next goal of the thesis includes the design and fabrication of a read-out interface for the TiN
electrode chips. The Printed Circuit Board (PCB) where the chips will be integrated, is going to be
the bottom of a 96-Well plate which is used by biologists for experimental purposes. Firstly, a PCB
was developed only for one electrode chip (Figure 3.25) and then a 16-PCB holder designed (Figure
3.26) in a way to fit in the dimensions of the 96-well plate. The electrode chips will be diced in
dimensions of 1cm by 1cm. The diameter of each well plate is 6mm while the center of one well plate
will be 12mm far from the center of the next one. The PCB holder will fit 4 rows of 4 electrode chips
with the aforementioned distances. For this purpose, a 2-layer PCB was designed while the width of
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the track lines that create the interconnects between the pads and the connector is 0.3mm. The pads
were placed close to the side the pads electrode chips are located at. This facilitates the wire-bonding
between the pads of the PCB and the electrode pads. The following figure demonstrates the design
of the electrode holder firstly for a single electrode chip and then the design for 16-electrode chips.

Figure 3.25: 3D CAD model of PCB holder for one electrode chip.

Figure 3.26: 3D model of PCB holder for 16-electrode chips. The 6mm holes in the PCB enable the
transparency and observation of the cardiac cell cultures during the experiments.

The next Figure 3.27 demonstrates the 3D model of the holder which hosts a total of 16-electrode
chips. The bottom of the holder structure is the designed by me printed circuit board. The rest
3D model was designed by M. Dostanic. The proposed holder allows the culture of cardiac cells
inside an incubator and its connection with the proposed electrical stimulator. Thus, the electrical
stimulation set up is completed and we are only one step far from the actual electrical stimulation of
cardiomyocytes in the EHTs platform.
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Figure 3.27: 3D model of holder structure for 16-electrode chips. The bottom of the holder was
designed in KiCad (see Figure 3.26). Then this PCB was integrated with the entire case for the EHT
platforms and was designed in Solidworks by M. Dostanic.

3.13 Conclusions

In this chapter, the full design and the development of electrical stimulator were provided. The
electronic circuit design techniques and methods were explained in detail, combined with the simulations
and the actual circuit design in the Kicad Software tool. The advanced version of the proposed
stimulator includes two modes: voltage-controlled voltage source and voltage controlled current
source stimulation giving the user the flexibility to switch between modes and explore the best
results in terms of electrical stimulators. Current and voltage measurement circuits were integrated
ensuring the notification of the user for the values of applied voltage and current to cardiomyocytes.
Furthermore, the user- friendly interface of this device allowing the user (biologists) to easily interact
with the stimulator through a serial monitor, inserting the desired stimulation parameters (channel
of stimulation, frequency, duty cycle) and initializing the procedure, was developed. The voltage
amplitude is controlled manually by rotating the potentiometer. Switching between two modes
(voltage-controlled voltage source and voltage-controlled current source) is feasible through changing
the corresponding switches. Since the highest allowed amount of current to cardiomyocytes that
provides excitation without causing any kind of damage is up to 12mA, a protection circuit that
detects the over-current and stop the stimulation was introduced.
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CHAPTER 4

MEASUREMENT AND RESULTS

4.1 Description of Measurement set up

To verify the functionality of the system and its performance, several measurements were conducted.
Before assembling the individual parts on the PCB, two output pins of the MCU unit (Arduino
Nano) were programmed and tested properly to generate monophasic pulses with 180 degrees phase
shift, in low frequencies (0-5Hz). That was simply tested in a separate breadboard by connecting one
LED in the output pin of the microcontroller. This produces a monophasic pulse with an amplitude
of 5V. Optical observation of the LEDs (ON-OFF state) in the corresponding outputs, as well as
a measurement of the PWM with an oscilloscope, verified the accuracy of the PWM programming
in terms of amplitude and frequency (Figure 4.1). The way of MCU programming was previously
explained (Chapter 3) and the code is provided in the Appendix.

Figure 4.1: Simple set up for testing the microcontroller output using a digital oscilloscope.
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The next step includes the assembly of all electronic components in the PCB unit. After completing
the soldering procedure, the PCB was optically observed for potential short circuits between two
different pins or pins and a pad, which are maybe caused during the soldering procedure. In cases when
a short circuit was detected, a repetition of soldering took place. Due to the fact that sometimes it is
difficult to optically detect a short circuit, a multi-meter was used and was set it in the corresponding
output to recognize potential circuits.

The fabricated version of the PCB (version1 and version2) can be seen in the following picture (Figure
4.2, 4.3). The fabricated circuit is a 4 layer PCB. Analog and digital tracks were routed in such a way
that they did not cross each other. Good ground connections were designed for the return currents
of signal paths to reduce possible interference between signals.

Although the PCB is power supplied by batteries up to 15V (for the first version) or by a charger up
to 30V in the second version, all measurements were performed by an external supply of 30V. The
measurement set up is illustrated in the following figure (Figure 4.2). It is important to highlight
that all the measurements were conducted by using different values of pure resistive load for a better
sense of system performance.

Figure 4.2: Fabricated version of PCB.

Figure 4.3: Entire measurement set up which includes the power supply of 30V, an oscilloscope, a
multimeter and the testing PCB.
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4.2 Testing procedure of the Power Supply circuit

At the beginning of the testing procedure, a power supply unit of 15V DC was connected to the test
points of the PCB in order to control the Voltage and the current that passes in the system efficiently.
After connected the power supply,a multi-meter was connected to the output of each of the power
converters in order to measure the output voltage. The output of the buck converter was tested.
Indeed, the output of the designed circuit generates 8V to supply the microcontroller.

The same procedure applied for testing the second converter (Dual Charge Pump Converter), to
demonstrate its performance. The output of the Charge Pump Converter was designed in a way to
generate positive and negative 15V to power supply the operational amplifiers. Also, it produces
-30V in order to power supply the voltage to the current converter in the current-controlled mode
of the stimulator. The output voltages of the charge pump converter are in full agreement with the
expected values verifying the accuracy of the designed power supply system.

4.3 Testing Procedure of the Biphasic Pulse generation unit

The signal in the output of the first operational amplifier and in the second in series operational
amplifier was observed through oscilloscope to verify that reaches the desired threshold( ±15V for
the second version of PCB). In the following illustration (Figure 4.4), the output voltages of the first
operational amplifier are provided for the two versions of PCB.

Figure 4.4: The output of the first amplifier which creates the threshold of ±15Volts. The biphasic
pulse reaches up to 14.8V and the period of the signal is T=1sec.
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4.4. THE PROPOSED CIRCUIT DESIGN CAN PROVIDE A WIDE SPECTRUM OF
FREQUENCIES

4.3.1 Testing the functionality of the potentiometer

In parallel with the last amplifier, a potentiometer was placed to provide full control of the signal
voltage amplitude from 0 to 15V. The output of the last amplifier was tested by connecting an
oscilloscope in the test point of the last amplifier and moving the rotated knob to achieve different
voltage amplitudes in the range of 0V to ±15V. The following picture (Figure 4.5) presents the
different voltage amplitudes in the output of the amplifier.

Figure 4.5: The pulse generator circuit for EHT electrical stimulation purposes has the ability to
alter the voltage amplitude by simply rotating a knob to be adjusted in the experiment needs. The
Figure illustrates various voltage amplitudes (0.7V, 6.31V, 14.26V, 14.8V).

The presented electrical stimulator can provide very low voltage signals, even close to zero, but also
higher voltages in a wide range of -15V to +15V. The knob of the potentiometer should be gently
rotated to achieve better precision in voltage values.

4.4 The proposed circuit design can provide a wide spectrum
of frequencies

The pulse generator circuit was designed and programmed in a way that gives the user the ability
to change the channel of the simulation and the desired frequency. Through a user interface a serial
communication between the micro-controller and the circuit is achieved. In the serial monitor of the
Arduino microcontroller app, a message is prompted to the user to select the channel of the electrical
stimulation and the desired frequency of stimulation. The next figure (Figure 4.6) shows a range of
different stimulation frequencies.
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Figure 4.6: The design electrical stimulator provides biphasic pulses in various frequencies in the
range of 0.3-4Hz. The results from the measurements verify the precision in the achievement of low
frequencies. The user can change the frequency by step of 0.1Hz. (a) 0.5Hz, (b) 1hZ, (C) 1.5HZ, (d)
4HZ

4.5 Testing and Measurement of Duty Cycle

The duty cycle is considered an important parameter for efficient electrical stimulation of cardiomyocytes
as it defines the time of the pulse activation during a period. In our case duty cycle is defined as the
ratio of pulse width (anodic or cathodic), over the entire period specified by the user. Through a user
interface biologists can change the duty cycle of the pulse according to the needs of the experiment.
That system was tested by inserting 4 different values of the duty cycle as a parameter to the program
and measuring the corresponding output signal using an oscilloscope. The following figure (Figure 4.7)
presents the biphasic rectangular pulse for 2.5%, 5%, 10%, and 40% duty cycle. The microcontroller
was programmed in C++ programming language and the code is presented in the Appendix.

DutyCycle = PW
T PW: pulse width (of anodic or cathodic), and T: period. For example for Duty

cycle 5% means that the signal is 5% in anodic phase, 5% in cathodic phase and 90% is OFF (inactive).
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Figure 4.7: Illustration of biphasic pulse with (a) 2.5% duty cycle. (b) 5% duty cycle, (c)10% duty
cycle and (d)40% duty cycle

4.5.1 Measurement and verification of current measurement circuit

The accuracy of the current measurement circuit must be investigated since it is highly important for
a well-controlled electrical stimulation of the cells. To test the current circuit and its accuracy a load
of 1 kΩ and then a load of 2kΩ was connected to the output connector of the pulse generator circuit.
Different values of voltages (8V and 8.68V) were applied to the load. Using an oscilloscope the signal
was measured in two different points. Firstly, the voltage in the load was measured and secondly
in the A7 pin of the microcontroller which reads the signal from the output of the current sense
amplifier. At this point, it is important to remind the reader that the current measurement circuit
consists of a current sense amplifier and a shunt resistor (Low- value resistor). The signal is sent to
an ADC of the microcontroller for reading. Due to the fact that the pins of this microcontroller can
read a signal up to 5V, this current sense operational amplifier functions in the following way. When
the input in the amplifier signal is 15V it converts it to 5V and the signal is sent to the ADC of
the microcontroller for reading. By programming the microcontroller properly the voltage signal is
translated to the current signal. In cases when the input in the operational amplifier signal is 0V, a
signal of 2.5V is sent to microcontroller. The 2.75V (Voltage Reference) was created by using a zener
diode. In the following Figure 4.8, two pulses are illustrated. The pulse that is presented with a blue
line, represents the voltage in the load. The pulse which is presented with the red line, represents
the pulse as it was measured from the microcontroller. According to theoretical calculations for 1kΩ
Load and VLoad=8V, the current that passes through the shunt resistor is calculated:

I = 0.008A (4.1)
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Because the shunt resistor is 1 Ω the voltage in the shunt resistor it, is 8mV. Thus, normally the A7
pin of the microcontroller which measures the current must show:

V out = 100 × 0.008 + 2.75 = 3.47V (4.2)

As it is observed in the following graph Figure 4.8 the real value that the system measured for the
current was 0.008A, which is exactly the same with the expected value something that reveals the
precision of the circuit design.

Figure 4.8: The blue graph represents the Voltage Input to the current sense amplifier and the red
graph represents the measured signal in the ADC output of the microcontroller

The same procedure was followed for a different value of input voltage and different value of load
in the output, to reinforce the argument for the high accuracy of the current measurement circuit.
Specifically, in this experiment a load of 2 kΩ was used and a voltage input of 9.5V (Figure 4.9). For
2 kΩ load, Vin=9.5V and Rshunt=1 Ohm

I = 0.0047A (4.3)

Thus, if the system is accurate the A7 pin of microcontroller must measure:

V out = 100 × 0.0047 + 2.75 = 3.184V (4.4)

As it is illustrated in the following figure the measured signal is 4.7 mA something that ensures the
accuracy of the circuit design.
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Figure 4.9: The (a) graph illustrates the voltage input to the current measurement circuit while the
graph b represents the measured current in the pin A7 of the microcontroller. The measured value
was 4.3 mA something that verifies the accuracy of the measurement circuit.

4.6 Measurement and verification of voltage Measurement
Circuit

In this subsection the testing and measurements for the voltage measurement circuit were conducted
for both modes, firstly for the voltage-controlled mode and then for the current-controlled mode.

4.6.1 Voltage Controlled Mode

The designed circuit for measuring the voltage based on an operational amplifier. In the Design of the
Electrical Stimulation chapter, the gain of the operational amplifier was calculated at m=0.16 and
the offset b=2.5V. Although, when actual experiments were conducted the actual circuit presented
different behavior. One reason possibly was the zener diode that was used in order to create the voltage
reference (at 2.5V) in combination with the voltage divider circuit in the input of the operational
amplifier. Thus, during the experiments the values of the resistors that create the gain of the amplifier
and the values of the resistors in the voltage divider replaced by much higher values in order to create
an ideal circuit. Given the new values of resistors, the gain of the amplifier (m) was calculated again.
The gain and the offset of this circuit were calculated to be m=0.104 and b=3.39 respectively. In
the following Figure 4.10, Figure 4.11 the simulation of the circuit in LTSpice is presented,designed
circuit and output signal respectively, and next the results from the actual experiments are provided.
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Figure 4.10: This schematic demonstrates the new values of the loads. The gain and the offset of the
voltage measurement circuit were calculated according to these values.

Figure 4.11: Results from simulation circuit behavior in LTSpice.
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As it is illustrated in the following Figure 4.12 the voltage measured using an oscilloscope in two
points. First, the signal was measured in the blue node and secondly, in the grey node which is the
output of the voltage measurement circuit. Then theoretical calculations were performed in order to
ensure the validity of the measured value. The oscilloscope was placed at the blue point (Figure 4.12)
and the Vblue was measured at 6V. Thus, the voltage at yellow point using voltage divider will be

Figure 4.12: The blue dot and the grey dot represent the points where the signal was measured.
The A6 label indicated the output of the amplifier which is sent to A6 pin of the microcontroller to
measure the voltage.

The next Figure 4.13 demonstrates the voltage that was applied in the blue node (blue line) and the
output signal as it was measured from the microcontroller (red line). It is obvious that the measured
voltage for 1 kΩ load and Vblue=6V, was 3.704V.

Figure 4.13: The blue line represents the applied voltage in the blue dot while the red line represents
the measured voltage by the microcontroller.
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4.6. MEASUREMENT AND VERIFICATION OF VOLTAGE MEASUREMENT CIRCUIT

V yellow =
500

1500
× 6 = 2V (4.5)

Using a second voltage divider the voltage in the brown point will be

V brown =
1050

750
× 2 = 2.8V (4.6)

Thus the voltage input to the amplifier which measures the voltage according to the calculations must
be 2.8V. The voltage output(VA6) must be

V A6 = m ∗ V brown+ b (4.7)

V A6 = 0.104 × 2.8 + 3.39 = 3.64 (4.8)

The measured value of applied voltage as it is shown to the graph (Figure 4.13) is 3.704V which is
very close the the actual value.

The same testing procedure was performed for the same load but now with a different voltage input.
In this case the oscilloscope placed again at blue point and Vblue=10V. Then it was placed at the
output of the amplifier (A6) and the measured signal was VA6=3.86V (Figure 4.14).

Figure 4.14: The blue line represents the applied voltage in the blue node while the red line represents
the measured voltage by the microcontroller(VA6).

Implementing voltage divider for the yellow node (Figure 4.12).

V yellow = V blue× (
500

1500
) (4.9)

V yellow = 10 × (
500

1500
) = 3.33V (4.10)

Implementing again voltage divider for the brown node:

V brown = V yellow × (
1050

750
) (4.11)
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V brown = 3.33 × (
1050

750
) = 4.61V (4.12)

Vbrown= 4.61V and thus
V A6 = 0.104 × 4.61 + 3.35 = 3.83V (4.13)

This calculated value is exactly the same with the measured value using the oscilloscope. Thus, the
precision of designed circuit is verified.

4.6.2 Current Controlled Mode

For the testing of the voltage measurement circuit in current source mode the switch of the device
was turned to the corresponding mode. A purely resistive load of 1 kΩ was connected to the output
of the circuit. The signal was measured at testpoint2(TP2) and in the output of the operational
amplifier (A6) (Figure 4.15).

Figure 4.15: The voltage was measured in the yellow node of the circuit and in the brown node (A6)

The next picture illustrates the voltage amplitude as it was measured in the two indicated nodes
(Figure 4.16).
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Figure 4.16: The blue line represents the voltage amplitude at the yellow node, while the red line
represents the voltage in the grey node(A6)

To demonstrate the precision of the circuit in current-controlled mode, theoretical calculations took
place. Since the measured value at TP2 is VTP2=6.16V, the value at the brown node can be
calculated by implementing a voltage divider. Thus,

V brown =
750

1050
× 6.16 = 4.41V (4.14)

V A6 = 0.104 × 4.41 + 3.39 = 3.84V (4.15)

A quick observation in the graph reveals that the voltage output is 3.77V. That means that there is
a very small error between the real and estimated value. The error can be calculated according to
the formula:

error =
measured− estimated

estimated
% (4.16)

error =
3.84 − 3.77

3.8
= 1.8% (4.17)

The same testing procedure for a different value of load in particular 500 Ω was implemented, and now
a different value of voltage (3.301V)was applied in the TP2 node. The output graphs are presented
in the following figure (Figure 4.17, 4.18).
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Figure 4.17: TP2: Applied Voltage A6: Measured Voltage

Figure 4.18: Voltage measurement graph: The blue line represents the voltage amplitude as it was
measured at the yellow node (TP2), while the red line represents the voltage in the grey node A6
(the pin of microcontroller that measured the voltage)

Since the measured value at TP2 is VTP2=3.301V, the value at the brown node can be calculated
by implementing voltage divider. Thus,

V brown =
750

1050
× 3.301 = 2.35V (4.18)
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V A6 = 0.104 × 2.35 + 3.39 = 3.63V (4.19)

According to the graph illustration the measured voltage was 3.641V,a value that is very close to the
estimated voltage 3.63V. The design circuit for voltage measurement justifies the requirements.

4.7 Testing of Howland Converter Circuit

The Howland Converter circuit was tested by using different values of pure resistor loads (220 Ω, 500
Omega, 1 kΩ) and investigating the output of the Howland converter and the output of the current
measurement circuit which reveals the current passes through the load. If the value of the current
remains stable independently of the load change during the time, the Howland converter performs
accurately. The signal in the output of the operational amplifier of the Howland converter circuit was
also checked through the oscilloscope (Figure 4.19). The next table shows the the different values of
loads that were used, the voltage amplitude in the output of the Howland converter and the voltage
amplitude in the output of the microcontroller which measures the current. Obviously, the current
remains stable while the load in the output of the circuit changes.

Figure 4.19: Illustration of the circuit and the test points where the oscilloscope measures the signal.

In the first Figure 4.20, the voltages applied in the three different values of loads are illustrated. In
the second one, the reader can see the voltage that measures the A7 output of the microcontroller.
It is obvious that for different values of load (220 Ω, 500 Ω and 1 kΩ), this value and consequently
the current through the load remains stable (Table 4.1).
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4.7. TESTING OF HOWLAND CONVERTER CIRCUIT

Figure 4.20: Measured Voltage Waveform at TP2 node for three different values of loads( 220 Ω, 500
Ω and 1 kΩ).

Figure 4.21: Stability of the output current, independent of the load changing, verifying the accuracy
of Howland converter.
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4.8. CONCLUSION

Table 4.1: Tested load values and Values of the output current after the voltage-to-current converter

Load VTP2 A7

220Ω 6.277V 3.373V
500Ω 3.193V 3.373V
1kΩ 1.49V 3.373V

4.8 Conclusion

The results from the measurements of the designed electrical stimulation circuit reveal that all
the system requirements are fulfilled successfully. The measurement circuits (Voltage and Current)
operate with high precision, improving the efficiency of electrical stimulation by providing accurate
feedback to the user. The voltage-to-current converter operates with high precision thanks to the
good balancing of resistor’s tolerance and to the characteristics of the operational amplifier.
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CHAPTER 5

FABRICATION OF INTEGRATED ELECTRODES IN AN EHT
PLATFORM

5.1 Introduction

This chapter, consists of a detailed description of the process that was implemented to fabricate TiN
integrated electrodes in an EHT platform. The EHT platform which was designed by M.Dostanic, was
fabricated again using micro-machining techniques at the EKL cleanroom and was further advanced
by integrating the TiN electrodes which provide electrical stimulation to cardiomyocytes for their
proper maturation. The polymer that was used for the fabrication of the platform was PDMS. The
first part of the following section explains the reasons for the selection of PDMS as a polymer and TiN
as electrode material. Afterwards, the applied method for the fabrication of the platform is described
step by step. At the end of this chapter,the procedure of the electrode’s integration is provided.

5.2 PDMS on Silicon

Polydimethylsiloxane (PDMS) is a well-known polymeric organosilicon compound used in various
biomedical applications and also for the development of microfluidic devices due to its worth mentioning
characteristics[86]. Among them, the elastomeric properties, the fact that it facilitates the molding in
tiny structures and the low manufacturing cost, are the most important[86]. Furthermore, PDMS is
a transparent material that allows the control of cells cultured in PDMS structures. The monitor of
these cells is feasible with the use of standard optical microscopes[40]. Apart from the advantages that
PDMS presents, it also has some limitations. These limitations are connected with the lithographical
processes and the deposition of PDMS on other materials or the deposition of other materials (metals)
on PDMS. PDMS unfortunalty presents swelling and a high thermal coefficient of expansion, therefore
soft-lithographic techniques are considered a better solution for further processing[40][9].

5.3 TiN as a material for electrodes fabrication

The integrated electrodes and the electrical interconnects of the EHT platform are made of titanium
nitride (TiN). TiN is a capacitive material, meaning that it follows the capacitive mechanism of charge
transfer when charge injection takes place (chapter 1)[87].This capacitive material has been used in the
past in several biomedical applications with electrodes [87]: The advantages of this material stem from
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several factors. Among them is that when TiN is sputtered, it has a porous geometry, something that
establishes a low impedance in the electrode-electrolyte model. In addition to that, the patterning of
TiN is not a complicated process due to the fact that it occurs using standard lithographic processing
and dry etching. Previous studies have shown that TiN presents good bio-compatibility with cells
and also good mechanical and chemical properties establishing it a stable material [88][87][89].

5.4 Microfabrication of the EHT platform

5.4.1 Introduction

The EHT platform was developed by scaling down the Heart-Dyno system invented by the group of J.
Hudson. The main reason for scaling down this system is to conduct experiments and measurements
in various sizes of cardiac tissues and also to observe the contractile force of the tissue when the size
of the cardiac tissue changes. The EHT platform was fabricated using micro-fabrication techniques
in the cleanroom and it consists of two pillars around which the cardiac tissue is formed. The EHT
platform was fabricated according to a developed flowchart as a starting point and then it was further
developed by integrating TiN electrodes. The microfabrication of the designed EHT platforms took
place in the EKL cleanroom at TU Delft, in the department of Microelectronics.

5.4.2 Manufacturing process of EHT platform

The miniaturized EHT platform was fabricated on a wafer using silicon-based micromachining and
polymer molding. As it was analyzed in the introduction part, the EHT platform is an anisometrically
downscaled version of HeartDyno. More specifically, the process started with 1mm thick double-side
polished Si wafers. The main concept of the process is to develop mold in Si wafers and fabricate
three different dimensions of anisometrically scaled pillars. For the fabrication of the mold, Si wafers
will be etched, by using a hard mask made of the SiO2 layer.
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Before the detail description of the fabrication process the full flowchart diagram is illustrated to
provide an optical sense of the process (Figure 5.1).

Figure 5.1: Sketch of the flowchart for TiN electrodes integration in EHT platform

The fabrication process started with the creation of alignment marks. This step is not illustrated
in the flowchart. This is the first and most important step because multiple masks were going to
be used for the entire procedure and all of them must be aligned with the zero layer to ensure the
placement of the structures in the proper position. The wafers were coated with SPR3012 positive
photoresist at the coater station EVG120. The standard recipe ”Co-3012-zero layer” was used which
consists of the following steps: First, the wafers are treated with HMDS vapor, with nitrogen as a
carrier gas. Next, they are spin-coated with positive photoresist (Shipley SPR3012) dispensed by a
pump and they are soft baked for 90 sec at 95 °C. The sub-process finishes with an automatic edge
bead removal with a solvent in order to clean the edges of the substrate from the accumulation of
coating material that can cause contamination in the next steps of the process.

The exposure process of alignment marks includes two steps the alignment and the exposure. It is
important each layer of the wafer to be aligned properly and within specifications to the previous and
next layers otherwise the wafer and the desired structures will be destroyed. The wafer was aligned
to the mask along with the x and y coordinates. The ASML PAS5500/80 automatic wafer stepper
was used for this procedure and the name of the exposed masks for the zero layer was COMURK.
During the exposure process, the positive resist layer was exposed in ultraviolet (UV) light with an
exposure energy of 125mJ, causing a chemical reaction between the positive resist and the light.

Using the developer station EVG120 the wafers were developed according to the following steps. A
post-exposure bake took place at 115 °C for 90 seconds. In the development process, parts of the
photoresist were dissolved by Shipley MF322. Due to the fact that we used positive photoresist, the
exposed resist was dissolved while the unexposed resist was still on the wafer. After the developing
stage, a hard bake at 100 °C for 90 seconds took place. The wafers were optical inspected under the
microscope to check the line width of the alignment marks and if there was still photoresist in the
exposed areas, something that is not allowed after exposure.
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Plasma etching was implemented as a method to etch 120nm deep alignment markers into the Si
(zero layer). For this process, the Trikon Omega 201 plasma etcher was used and the sequence URK
NPD. The total etched time was defined at 50sec.

After the alignment marks were etched into the Si, the photoresist must be stripped from the surface
by oxidizing it in an oxygen plasma using the Tepla Plasma 300 system. The wafers were then cleaned
properly before the continuation of the processing. In particular, the wafers were cleaned in HNO3,
99% and 69.5%. Rinse and dry of wafers took place in Quick Dump Rinser with the standard program
until the resistivity is 5MΩ.

Since there were structures in the backside of the wafer, alignment marks were also placed in the
backside following exactly the same procedure which was described in detail previously.

The fabrication process continued with the definition of a SiO2 hard mask for the pillars. Thus,
first, an oxide layer was grown using Thermal oxidation (Figure 5.2, step 1). It is known that when
a Si wafer is exposed to oxygen the surface of the silicon wafer starts to oxidize in order to create
silicon dioxide. The silicon dioxide which is created is a good insulator and can be also used as a
barrier material in the impurity deposition. Wet oxidation was applied as a type of thermal oxidation.
By using wet oxidation, less time to reach the highest temperature was needed. The exact time of
thermal oxidation was calculated accordingly to the desired thickness of the oxide layer (2.7um), the
temperature (1100°C), and the type of wafer. Thus, the wafers were placed in the furnace for 14 in
total hours.

Figure 5.2: Silicon oxide deposition (step 1) and patterning oxide in the front side (step 2)

When this step was completed the oxide thickness was measured in order to verify that the desired
oxide thickness was achieved. Using the Leintz MPV-SP ellipsometry system the oxide thickness was
measured 2.69um in the back and front sides of the wafer.

As a next step, a hard mask for Si Deep Reactive Ion Etching (DRIE) was created. Therefore, before
the exposure of wafers on the pillars mask, 3.3um SiO2 layer was deposited in the front side of the
wafer. The principal aim of this step is to create a hard mask for Si DRIE that is going to take
place in the next steps of the process. In this process, the deposition of oxide happened by inserting
reactant gasses between two electrodes which were in parallel, a ground electrode and an RF energized
electrode (Figure 5.3)[90]. This way a capacitive coupling was created, something that causes the
chemical reaction. The total amount of oxide on the front side of the wafer where the mask will be
exposed was 6um. Novellus Concept One PECVD reactor and undoped oxides (recipe xxxsiostd)
was utilized for this procedure. The process conditions were defined according to the selected recipe.
The specification of the time parameter was essential for this procedure in order to get the desired
thickness (3.3um). Thus, the time was defined at 42sec/station.
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Figure 5.3: Schematic of PECVD reactor [90].

Later, an already designed foil mask was used for Contact Aligner exposure, to transfer the pattern
with the pillars on the wafer during lithography . First, the wafers were coated with a 3um positive
photoresist following the corresponding recipe (flowchart) on the front side. The ”3ulpillars” mask
was used with hard contact for 20sec to transfer the pillars pattern on the front side of the wafer.
After finishing the development step, an inspection with the microscope is considered essential, in
order to ensure that there are no residues of photoresist above the structures of pillars but also to
verify that the patterning of structures was good.

Moving on to the fabrication process, the plasma etching of oxide was performed by using Drytek
Triode 384T plasma etcher. The purpose was to pattern SiO2 which was deposited with thermal
oxidation first and then with the PECVD process. The STDOXIDE recipe was used to etch the
oxide layer with a soft landing on the layer underneath while the total etching time was defined at
7.5 min. The remaining photoresist was then removed in an oxygen plasma.

Deep Reactive Ion Etching (DRIE) is a highly anisotropic dry etching process, aiming to create a
deeper penetration than in Reactive Ion Etching, developing etching cavities with high aspect ratios
[91]. The most widely known technology called the Bosh process, consists of repeated steps until the
desired shape of the cavity is achieved. The first step is the plasma etching process, using Sulfur
Hexafluoride (SF6), which attacks the substrate from a nearly vertical direction; The second step
includes the deposition of a passivation layer, using Octafluorocyclobutane (C4F8). This creates a
substance similar to Teflon on the surface of the substrate. It is important to highlight that the
duration of each step is for several seconds[92]. The principal function of the passivation layer is to
protect the substrate from chemical etching. Despite the functionality of the passivation layer, during
the etching phase, the ions that bombard the substrate, bombard also the passivation layer at the
bottom of the surface. The passivation layer is sputtered off by the etching. This way, the substrate
is exposed to chemical etching[92][91].

The etching of the holes (pillars) in Si wafers using Deep Reactive Ion Etching (DRIE) took place
(Figure 5.4). Rapier Omega i2L DRIE etcher was used for this process. This process is typically used
for etching deep holes in Si wafers with high aspect ratios and it consists of three steps: deposition of
the passivation layer, breakthrough etching, and final etching of the Si wafer. The Deep Reactive Ion
Etching of silicon is applied in order to etch 660um of silicon establishing the DRIE of pillars. The
number of cycles for etching is inserted as a parameter to the system and it depends on the depth
(660um) and the dimensions of the holes. The following Figure 5.4 shows the profile measurement
for 633µm etched structure. The image was captured with Keyence microscope.
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Figure 5.4: 3D illustration of pillar’s depth after observing under the microscope.

The etching process was established in many steps. In the following Figure 5.5 the achieved depth at
the end of procedure is presented.

Figure 5.5: Profile of etched structures in Si wafers. The total depth of pillars after etching was
measured at 663um.

As it is visually analyzed in the next Figure 5.6, the next step included the growth of SiO2 in the
backside of the wafer as a stopping layer. For this reason, 3um of thermal oxide was performed to
create a thin layer of oxide. The desired oxide thickness in the backside was at around 8.5um. Thus,
the PECVD process was conducted in order to deposit approximately 5um more oxide layer in the
backside of the wafer. Similarly to the previous sub-process, the Novellus Concept One PECVD
reactor was used and the selected recipe is undoped oxides (recipe xxxsiostd). The only parameter
that was necessary to be changed in this recipe was the time. The time depends on the desired level
of thickness and it was calculated at around 60sec/station.
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Figure 5.6: Growth Si oxide as a stopping layer.

Having created the proper oxide layer as a stopping layer for wet etching later, the process then
includes the transfer of pattern in backside using lithographic processes. Specifically, the backside of
the wafer was firstly coated with 3um positive photoresist because we had a thicker layer of oxide
dispensed by a pump. Then, the ”backside” mask was exposed for 25sec to the wafer using the Mask
Alignment system. The wafers were developed in the backside structures at the developer station of
the EVG120 system.

The following step includes the etching of oxide from the backside of the wafer (Figure 5.7). Wet
etching was implemented in this step. The wet etching process consists of various chemical and
physical processes. Figure 5.8 demonstrates the mechanism of wet etching. During the first step, the
etchant species are transferred to the wafer’s surface. At this point, diffusion of the etchant towards
the surface and penetration of the etchant in active sites on the surface takes place. During the
second step, a chemical reaction between the etchant and the exposed surface occurs. After this step,
soluble by-products are generated. Finally, the products of the reaction are diffused.

Figure 5.7: Wet etching of oxide from the backside of the wafer.

Wet etching uses liquid-phase etchants in order to remove materials from the wafer[93]. Most wet
etchants consist of an oxidizing agent, an agent for dissolving the oxides, and a solvent, such as water.
The oxidized layer is for instance NH4OH, NaOH,H2SO4, HF and the agents whose main use is to
dissolve the oxides are acid or base.In our case the oxidized layer was buffered HF (BHF)[93].

When the wet etching procedure completed, full cleaning of wafers took place. In particular, the
wafers were placed for 10 minutes in fuming nitric acid HNO3 99%. This acid dissolves organic
materials. The wafers were rinsed in the Quick Dump Rinser with the standard program until the
resistivity is 5 Mohm. They were placed then for 10minutes in concentrated nitric acid at 110°C in
order to dissolve the metal particles. Again rinse was performed as it was described previously and
they were dried using rinser-drier with the standard program.

During the wet etching of the backside of the wafer, the front side of the wafer with the pillar profiles
must be protected from wet etching. For this reason, a layer of PDMS was deposited on the front side
of the wafer as a protection layer. After the wet etching procedure, of course the layer of PDMS must
be removed. Therefore, we firstly coated the wafers with CH4 (Teflon), to be able later to remove
the PDMS. Then, we prepared the PDMS in the polymer lab according to the following recipe:For
the PDMS mixture, elastomer PDMS Sylgard 184 and its curing agent were mixed. Particularly, for
three wafers 10 g of the PDMS elastomer in the disposable cup and 1 g of curing agent by using a
pipette. The ratio between the elastomer and curing agent must be kept at 10:1. A relatively thick
layer of PDMS was poured on the wafers in order to cover 2/3 parts of the wafer and it spin-coated
in the Polos Manual Spinner 1. Then the wafer was placed carefully inside the vacuum chamber for
20 minutes until all the bubbles from the surface disappear. The valve was slowly opened to increase
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the pressure in the chamber until the atmospheric and remove easily the wafers. The PDMS then
was cured for 60min at 90°C in an Memmert Oven with the dedicated carrier (PDMS).

A test wafer was used at the beginning for determining the total time of wet etching. The initial
thickness of the oxide layer was approximately 8.5um. After completing the wet etching process the
thickness of the holes (etched points) must be exactly zero.

5.4.3 Filling the Pillars with PDMS

In order to create the pillars from PDMS material, as a next step, the holes of the pillars were filled
with PDMS (Figure 5.8). The PDMS was prepared at the polymer lab of the EKL cleanroom. For
the PDMS mixture, elastomer PDMS Sylgard 184 and its curing agent were mixed. Particularly, 5 g
of the PDMS elastomer in the disposable cup and 0.5 g of curing agent by using a pipette. Depending
on the number of wafers to be processed these amounts could vary. However, the ratio between the
elastomer and curing agent must be kept at 10:1. For the first layer, a thick layer of PDMS was
poured on the wafer and then it was slowly spin-coated to ensure that the PDMS was enough to
cover the holes. The wafer was placed very carefully inside of the vacuum chamber. The pump was
turned on and the process duration was around 20minutes until all the bubbles disappear. Using a
sharp object but very carefully not to damage the wafer, the extra PDMS was uniformly removed
from the wafer. After the removal of extra PDMS from the wafer, it was cured for 60minutes in the
Memmert Oven at 90°C.

Figure 5.8: Filling the pillars structures with PDMS.

5.4.4 Etching PDMS

Due to delays caused by COVID and tool downtimes (Omega) the etching of PDMS and the
integration of electrodes in the structure were not completed. The steps for the completion of the
process is described in the following section. However, in separate test wafer the TiN electrode
structures were successfully fabricated. The steps for this sub-process are also described in detail.
The next paragraph and until the end the rest of the fabrication process is described.

After filling the holes of the microstructures with PDMS, the next step is to deposit and pattern Al
on the PDMS (Figure 5.9). To pattern the PDMS, an aluminum (Al) layer is coated with sputtering
onto the PDMS at room temperature.

Sputter deposition is a physical vapor deposition (PVD) method in which a thin film of metal are
deposited by sputtering. In particular, the material is ejected from a target into a substrate in this
case into the silicon wafer.

More specifically, 1000nm Al is deposited on PDMS. Before that LUR test carried out in order to
ensure that the wafer would not be degassing enough, something that can lead to sputtering failure.
The wafers are first coated with 1.4um positive photoresist(noEBR, noSB, noHMDS). A soft baking
of the wafer is occurred at 95°C for 90sec.
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Figure 5.9: Deposition of Al layer on the PDMS.

Openings for TiN electrodes must be created, and for this reason the alignment and exposure of
hard mask for TiN openings are performed using the EVG420 contact alignment system. First, the
wafers are coated with photoresist. Thus, 1.4um positive photoresist is dispensed by a syringe and
spin-coating. The wafers are soft-baked for 1min and 30sec at °C. The wafers are exposed for 8sec
and then they are developed using the recipe ”devSP, noHB, noPED”. A post exposure baking took
place for 1min and 30sec. Visual inspection of wafers takes place to ensure that the process of TiN
openings for contact pads is successful. PDMS is going to be etched by implementing plasma etching
at TiN openings (Figure 5.10). The next picture demonstrates the aforementioned steps.

Figure 5.10: TiN openings for electrodes and PDMS etching at TiN openings.

5.4.5 Al etching for Contact Pads

Moving on to the procedure, the layer of Al which was sputtered previously must be now etched in
order to create the desired contact pads for the electrodes. Therefore, 1.4um of positive photoresist
dispensed by syringe is spin-coated to the wafers. Soft baking at 90 degrees for 1 min and 30 seconds
is performed and then the wafer is exposed for 8sec in the mask ”Al contact pads”. This way the
pattern is transferred to the wafer. The developer made the pattern to appear and post-exposure
baking at 90 degrees for 1 min and 30 seconds happens. At the end of this sub-process Al was etched
by implementing wet etching in the PES solution for 34minutes. The photoresist must be removed
in an oxygen plasma. Tepla Plasma 300 system is used for this procedure (Figure 5.11).

Figure 5.11: Al etching for contact pads creation.

5.4.6 First Layer of Polyimide

Subsequently, metal lines extending from the contact pads to the electrodes are created. These
metal lines consist of a 200nm thick layer of sputtered TiN, encapsulated between two layers of
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polyimide (Figure 5.12). The preparation of polyimide was performed in the polymer lab at EKL.
The TiN interconnects are encapsulated with polyimide in order to be insulated. PI is often used
in microelectronics and medical devices due to the fact that presents good thermal resistance [94],
chemical resistance [95], good mechanical properties [96],and low dielectric constant [97]. Particularly,
PI has been used in several medical devices as an insulation layer such as in neural implants [98] and
catheters [99] It is known that different processes of PI layers deposition exist. Among them, the
most well known are the vapor deposition polymerization [100], the lamination (with Kapton- type
PI) [101] or spin-coating [98]. In this microfabrication process the FUJIFILM 9F305PI was deposited
with spin-coating since thin film of PI was desired. The next sketch presents the layer of polyimide
(PI).

Figure 5.12: First layer of polyimide (PI).

At this point it is important to highlight that before spin coating the first layer of polyimide , a
good adhesion between PDMS and polyimide must be created. Thus, in order to activate PDMS
and improve its adhesion properties O2 plasma treatment on low pressure, for 40sec and 75W energy
is performed. Oxygen plasma treatment has been widely implemented by many research teams in
the fabrication of PDMS devices for various purposes. The oxygen plasma treatment on PDMS
creates polar functional groups for instance the silanol group (SiOH)[102]. This group has the ability
to change properties on the surface of PDMS. In particular, convert the hydrophobic properties to
hydrophilic properties[102]. The preparation for polyimide is described in detail in the flowchart at
the end of the thesis. Firstly, 900nm polyimide is spin-coated manually using the program 30:60sec
at 6000RPM, and before the baking step the wafer is inspected. The back side of the wafer is cleaned
with acetone while the edges with Q-tip with HTRD2 developer. Using a hot plate of manual coater
system the wafer is soft-baked at 85°C for 120sec. In the next step the wafer is exposed to the mask
’First PI’ (see Appendix for Masks) for 10 sec to transfer the electrode patterns. A post-exposure
baking process was carried out by placing the wafer to a Memmert oven for 120s at 90 degrees. The
developing stage is conducted manually. Two special glasses for polyimide are used to one of them
developer is poured and to the other stopper(RER 600). We place for 1min and 30sec the wafer to the
developer and afterward for more 1min and 30sec to the glass with the stopper which is dilute solution
of acetic acid or citric acid, that halts the action of the developer. The sub-process is finishing with
baking the wafer at 100°C for 1min and 30sec. Finally, the polyimide is cured in a vacuum and under
N2 flow for 2hours and 30min.

After the first layer of polyimide and due to the fact that TiN will be encapsulated between two
layers of polyimide, TiN metal is sputtered by using Trikon Sigma (Figure 5.13). Again like the
previous process of Al deposition, before the TiN deposition, the LUR test must be conducted to
ensure that the metal deposition will be successful. The layer of TiN should be thick because is above
the polymer but also not too thick because then a lot of cracks in the surface of the wafer will be
observed. For this reason, the first 200nm Ti was deposited and then 50nm of TiN. After coating
with positive photoresist the wafers, we exposed them in a hard mask of TiN for 8sec due to the fact
that the amount of positive photoresist was 1.4um. The same recipe and techniques of wafers coating
with a photoresist that were used before the Al etching are used now for this coating procedure. The
developing process (recipe: dev SP, noHB, no HMDS) reveals the pattern of TiN electrodes on the
wafer. Afterward, TiN is etched using plasma in Trikon Omega 210 plasma etcher for 18sec. The
total time of etching depends on the layer thickness, which was 250nm in our case. Using Oxygen
Plasma Tepla the photoresist from the wafer is fully removed.
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Figure 5.13: TiN metal sputtering above the first layer of PI.

The process that follows for the deposition of the second layer of polyimide is exactly the same as the
first layer of polyimide. Visually, the process is demonstrated in the following figure (Figure 5.14)

Figure 5.14: Deposition of second layer of PI above the TiN metal.

The last steps of this long process include the deposition of a second layer of PDMS (Figure 5.15).
Then TiN is sputtered on the wafer, the main goal of which is to protect the PDMS (Figure 5.16).
Trikon Omega is used for TiN plasma etching with endpoint detection. Then, anisotropically wet
etching is proposed as a technique in order to etch the backside of the membrane and contact pads.
In this process the wafers are immersed in an etching TMAH solution. Specific areas of the surface
are protected by a mask layer and in the openings of the mask the active solution reacts chemically
with the single crystal material. The final step includes the wet etching of silicon oxide in the
backside of the wafer in order to release the membrane and reveal the PDMS pillars. The process
duration is around 30minutes and it lasts until all the oxide layer is removed. After finishing the
microfabrication process the wafer is going to be diced and the platform to be characterized. Although
most of the steps were conducted successfully during the thesis, unfortunately, the whole procedure
was not completed. Nevertheless, in a separate wafer the electrode structures were fabricated and
this procedure was completed aiming to characterize the electrodes properties by implementing
Electrochemical Impedance Spectroscopy. The procedure for the electrode’s structure fabrication
is analyzed in the following sub-section.

Figure 5.15: The last steps of the microfabrication process including the release of membrane and
the reveal of PDMS pillars.
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Figure 5.16: The last steps of the microfabrication process including the release of membrane and
the reveal of PDMS pillars.
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5.5 Fabrication Process for Test Electrode structures

This paragraph explains the process of developing the test electrodes structures in a separate test wafer
for electrical characterization purposes, without integrating into the whole EHT platform. For this
sub-process, 1mm thick wafers were used. The first step of this sub-process includes the preparation
of PDMS which is going to be poured on the wafer creating the first layer. The preparation of PDMS
based on the same principles with the microfabrication of the EHT platform.

More specifically, in this step, the preparation of the PDMS is carried out using the elastomer PDMS
Sylgard 184 and its curing agent. Depending on the number of wafers to be processed the ratio
between the elastomer and curing agent must be kept at 10:1. Thus, in our case for one wafer 5g of
Elastomer was mixed with 0.5g of curing agent. For mixing the PDMS elastomer and curing agent
the Thinky Speedmixer is used. The total weight of the cup and the holder are determined and the
holder of the machine must be adjusted according t this value. A relatively thick layer of PDMS
roughly 10um was poured on the wafer and it is slowly spin-coated. Degassing of PDMS performed
by placing the wafer in a vacuum chamber, and the duration of the process is around 20 minutes. It
is obvious that the process is finished when all the bubbles disappear from the surface of the wafer.
Then the wafer was cured in the Memmert Oven at 90°C. Before the creation of the polyimide layer
above the PDMS membrane, the PDMS treatment is considered essential due to the fact that it
enhances the adhesion of the polyimide layer that is going to be poured on PDMS. Therefore, oxygen
plasma treatment of PDMS in low pressure was carried out. Afterward, the wafer was ready for the
deposition of polyimide layer. As it was analyzed also in the previous section oxygen plasma treatment
is usually performed while introducing oxygen to the plasma chamber. Oxygen is often used to clean
surfaces prior to bonding. In this case, because the next layer was the polymer polyimide, oxygen
treatment facilitated the adhesion of polyimide to PDMS. The wafer was placed for 0xygen plasma
for 40sec at 75W.

The next layer of the wafer consists of polyimide. For this reason, Fujifilm LTC9305 negative
polyimide dispensed on a wafer with a manual syringe, was spin-coated above the PDMS in the
program 30: 60sec at 6000RPM using Brewer Science manual coater system . The wafer was
soft-baked for 120s at 100°C and then it was exposed in hard mask contact with the electrodes
shape for 10sec. This time depends on the thickness of the polyimide. After transferring the pattern
through lithography the wafer was developed manually. Specifically, two glasses were used for this
process. One of them contained the developer and the other the stopper. The wafer was placed for
1min and 30sec to the developer and then for 1min and 30sec to the stopper. The electrodes pattern
was revealed. Post- exposure baking takes place for 1min and 30sec at 100°C. The wafer is observed
under a microscope and its structure is captured. The following figure shows the electrode structure
after this step (Figure 5.17). The layer of polyimide was then cured in a vacuum and under low N2
flow at 150 degrees for 2hours and 30 minutes. As it was tested if we increase the temperature at 200
degrees then the PDMS was cracked.
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Figure 5.17: Optical picture of electrode structure after the first layer of polyimide.

Before the sputtering of the metal for the electrodes, the LUR test is requested. This happened in
order to ensure the efficiency of metal deposition. Due to the fact that there are polymers in the wafer,
it is possible these polymers to release gasses during the procedure which influence the environment of
deposition. If the leak rate is higher Than 2*10pi6 Torr*L/sec, measured 10 minutes after placing the
wafer in the chamber, the wafer can not be characterized compatible with the sputtering procedure.

The thickness of the metal deposition is 250nm. More specifically, because we need a relatively thick
layer of metal above the polymer, it is not the best solution to deposit directly TiN. For, this reason
firstly a deposition of 200nm Ti is performed because the process is faster and then in total 50nm
TiN.

As a next step, the wafer was coated with positive photoresist 1.4um without EBR,and HDMS. It was
placed for soft-baking at 90degrees for 1minute and 30seconds. Because of the photoresist (1.4um)
the wafer was exposed for 8sec in hard mask contact (TiN electrodes). Post-exposure baking was
conducted at 90°C for 1 minute and 30 seconds. Afterward, using Omega 210 plasma etcher the
250nm TiN was etched. For this procedure, the platen temperature is set at 25degrees and according
to the thickness of the metal which was 250nm the total time was set at the machine at 20sec. When
this procedure finished, the photoresist was totally removed in oxygen plasma after etching by placing
the wafer to Tepla Plasma 300 System.

For the deposition of the second layer of polyimide exactly the same procedure as the first layer was
followed. After the second layer of polyimide the wafer is optically observed under the microscope
and its figure was captured(Figure 5.18, 5.19).
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Figure 5.18: Illustration of two TiN contact of Electrode encapsulated between two layers of polyimide
above PDMS polymer.

Figure 5.19: Illustration of two TiN contact of Electrode encapsulated between two layers of polyimide
above PDMS polymer.

The contact pads of the electrodes were made by Al. Therefore, the Al deposition considered essential
for the next step. Using Trikon Sigma Machine firstly LUR test was performed in the same way as
previously described and then 100nm of Aluminum was deposited following the same process as it
was described in previous section. The wafer was coated with 1.4um positive photoresist dispensed
by a syringe . It was spin coated then, using the recipe 1.4um no-EBR, no-SB, no-HMDS. Soft baking
at 90degrees for 1minute and 30 seconds follows. Afterwards, the wafer was exposed for 8sec in the
mask ’Al contacts’ and then post- baking process for the same amount of time and at 90 °C takes
place. The wafer was placed in a developer liquid(no HB, no PEB) and at the end was baked again for
1min and 30 sec. The selected method for etching was wet etching of Al. Specifically, the wafer was
placed in a PES solution for around 34 minutes until the Al was completely etched. The photoresist
was removed by placing the wafer in acetone for 10minutes and for 5 minutes in IPA.
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Figure 5.20: Illustration of two TiN contact of Electrode encapsulated between two layers of polyimide
above PDMS polymer.

5.5.1 Conclusion

To sum up, the fabrication process of the EHT platform was completed successfully. The first steps
for the integration of electrodes on this platform were also performed. However, the entire procedure
of integration could not be completed. Instead, the electrodes structures were fabricated successfully.
The electrode structures were fabricated using micromachining techniques at the EKL cleanroom. The
electrodes were made of TiN, a material that can be characterized biocompatible with the cardiac
cells. Furthermore, the TiN electrodes were encapsulated between two layers of polyimide and the
whole structure was developed on a PDMS layer. The next steps include the electrical characterization
of the TiN integrated electrodes using Electrochemical Impedance Spectroscopy (EIS).
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CHAPTER 6

DISCUSSION

6.1 Design of 16-channel Electrical Stimulator

An electrical stimulator device for electrical stimulation of cardiomyocytes in an EHT platform was
designed successfully according to the initial requirements. The proposed circuit is able to work in
both modes: voltage-controlled voltage source and voltage-controlled current source. The second
one as it was discussed in the previous chapter provides better control of the injected current since
the current remains stable and independent of possible tissue changes. The generated rectangular
biphasic pulses can reach up to 15V voltage amplitude. Due to the fact that the selected method of
biphasic pulse generation was the use of a microcontroller and an operational amplifier, the transition
time of the pulse is quick enough and the signal output presents a clear view without possible spikes
or noise that the use of an H-Bridge method can cause according to the literature findings (Chapter1).

As far as the design of the measurement circuits is concerned, that provides feedback regarding
the applied voltage and current, it operates in a precise way. The current measurement circuit
behaves in exactly the same way as in the simulations. On the other hand, the voltage measurement
circuit presented a different and not expected behavior than in simulations ( LTSpice). This is
maybe related to the voltage reference we created for the needs of the circuit by using a zener diode.
Although the breakdown region according to the data-sheet was specified at 2.5V in the actual
experiments, it measured at 3.03V. Therefore, the gain and the offset of the designed circuit based
on an operational amplifier, calculated again according to the new values of resistors, was specified
after many experimental trials. After that, the system was tested again and finally was able to give
a good voltage measurement. In the voltage-controlled current source mode a small error of up to
10mV. Regarding the voltage-to-current converter (Howland Charge Pump), the actual experiments
were in full agreement with the simulations. Thanks to the selection of high precision resistors and
attributes of the operational amplifier the voltage circuit can provide stable current in the range of
the frequencies that we are interested in (0.5-5Hz). The results from the measurements verify its
efficiency. In the current source mode the current amplitude is controlled by controlling the voltage
amplitude using the manual potentiometer. Due to the fact that we estimated approximately the
load of the cardiac cells but we can’t be pretty sure until the actual experiments take place, to protect
the cardiac cells from damage a resistor of 500 Ω was placed in series with the cardiac cells.

A user-interface was developed based on the serial monitor of the Arduino microcontroller. There
the user can set the parameters of the stimulation (Frequency, duty cycle, the channel of stimulation)
and activate the desired channel of stimulation, (one from the 16-EHT platforms).

Until now the monitor of the voltage amplitude is feasible using a manual potentiometer. In the
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future this can be improved and replaced by a digital one. This way the precision in the selection of
voltage amplitude values will be higher.

Furthermore, a graphical user interface can be developed. Until now the control of the signal
parameters is feasible through a user interface based on the serial monitor of the arduino. There the
user sets the stimulation parameters and then the current and voltage amplitude can be seen through
it. Although, graphical user interface (communication between Matlab and Arduino) to make a nice
graphical environment with virtual buttons was tried to be developed the communication between
these two software tools was really slow. Therefore, the first method based on the serial monitor was
finally used. In the future, for the development of a nice and high-speed graphical user interface a
replacement of Arduino nano with another microcontroller such as Rasberry Pi is recommended.

6.2 Integrated Electrodes and read-out interface

In this part of the thesis, electrodes were fabricated using microfabrication techniques in the EKL
cleanroom. The EHT platform in which the electrodes are going to be integrated was also developed
successfully. The full integration of electrodes in this platform could not be completed. The electrode
structures were fabricated in a separate wafer, on a PDMS layer, encapsulated by two layers of
polyimide for insulation purposes. The electrical characterization of the TiN electrodes was not
completed. Since the integrated electrodes will be in contact with the cardiac tissue, the recommended
way to accurately characterize the electrodes and specify their behavior is the Electrochemical
Impedance Spectroscopy(EIS). EIS is implemented by applying a sinusoidal electrical voltage across
electrodes connected to a solution at a wide range of frequencies. Then the impedance of the electrodes
is calculated for each frequency value. In our case, since the electrodes are integrated into a read-out
interface and the cell culture will be above the electrodes, a glass is going to be glued on the top of the
electrode chips. One of the two integrated electrodes will be the reference electrode and the other will
be the working electrode on which the AC signal will be applied in a wide range of frequencies. This
way the electrode’s impedance will be calculated in high frequencies but also in very low frequencies
1-5Hz which is the frequency area we are interested in.

For the developed electrode chips, a read-out interface was also designed . The read-out interface can
host up to 16-chips being in full agreement with the designed 16-channel electrical stimulator. The
read-out interface designed in a way that can fit to the bottom of a 96-well plate that biologists use
in their experiments. For this reason 6mm diameter holed were created in the PCB for transparency
reasons, to facilitate the optical observation of cardiac cells culture through the microscope.
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CHAPTER 7

CONCLUSION AND RECOMMENDATIONS

7.1 Conclusion

This thesis presented the entire design, fabrication, and characterization of an electrical stimulation
set up(electrical stimulator and Integrated Electrodes) for an EHT platform. Regarding the design
and fabrication of the electrical stimulator, all the system requirements were fulfilled. The fully-controlled
electrical stimulator is able to provide perfect rectangular biphasic pulses up to 15V, to loads up to 2
kOhm. Since the pulses were produced by using an operational amplifier architecture, no spikes were
observed after measuring the signal with an oscilloscope, verifying the quality of the selected method.
The voltage amplitude, the frequency, and the duty cycle of the pulse can be adjusted allowing the
user to have full control of the electrical stimulation of cardiomyocytes in the EHT platform. A user
interface was developed through programming, giving the ability to the user to select the desired
channel of stimulation and to set the corresponding pulse parameters. The frequency can be adjusted
in a range of 0.5-5Hz by step of 0.1Hz, and the duty cycle can be set accordingly. The two modes of the
system: voltage-controlled and current-controlled stimulation giving the flexibility to switch between
them and select the best method of electrical stimulation of cardiomyocytes. A Howland Converter
Hardware architecture was used for converting voltage source stimulation to current source. The
efficiency of the selected method was tested, proving its accuracy. In particular, the functionality
of the converter tested for different values of resistors and in all cases, the biphasic rectangular
pulse remained stable and independent of the load changes. Current Measurement and Voltage
Measurement circuits were integrated into the electrical stimulator facilitating the user to be aware
of the imposed voltage and current on the cardiac cells. Last but not least, the electrical stimulator
was programmed to detect possible over-current applied to the cells (more than 12mA) and freeze
the stimulation until the user lower the value of the applied voltage by rotating the potentiometer.
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As far as the fabrication of the TiN electrodes is concerned, the electrodes were developed using
microfabrication techniques in the cleanroom. The EHT platform in which the electrodes are going
to be integrated was also developed successfully. The full integration of electrodes in this platform
could not be completed. The electrode’s structures were fabricated in a seperate wafer, on a PDMS
layer, encapsulated by two layers of polyimide for insulation purposes. A read out interface (PCB)
for 16-electrode chips was designed in KiCad software tool, in a way to fit in the bottom of a 96-well
plate which is used by biologists for the actual experiments with the cardiac cells.

7.2 Future Recommendations

The proposed electrical stimulation set up introduces a novel system for electrical stimulation of
cardiomyocytes in an EHT platform. Future work and optimization on the system would probably
enhance its performance and functionality.

• Currently, the MCU of the electrical stimulator is connected through a USB with a computer.
The selection of stimulation parameters is feasible through a user interface based on the serial
monitor of the Arduino Nano. In the future, it is recommended to replace the microcontroller
with one that can support wireless connectivity. This in combination with an integrated
camera,will allow biologists to have full control of the electrical stimulation of cardiomyocytes
without a USB connection but rather using an app in their mobile phones!

• Until now, a manual potentiometer is used to control the voltage of the applied signal. Although,
this is an easy way of amplitude regulation for the user, it occupies enough space to the PCB.
Therefore, it should be replaced by a digital one. This way instead of manual control of voltage
amplitude, the amplitude will be controlled digitally through the user-interface.

• The 16-channel electrical stimulator is connected through wire cables with the 16-electrode chip
holder(PCB). In the future it is suggested to combine these two devices to one and integrate
all the electronics in the same PCB unit where the electrode chips are hosted.

• Finally, the integrated TiN electrodes need to be characterized by using Electrochemical Impedance
Spectroscopy(EIS). Since the electrodes will be in touch with the cardiac cells, EIS is recommended
as a method to evaluate the functionality of the integrated electrodes.
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APPENDIX A

SCHEMATICS AND PCB LAYOUT

A.1 Design Schematics of Electrical Stimulator

Figure A.1: Schematic of the buck converter chip which converts 30V to 8V and supplies the
microcontroller

Figure A.2: Schematic of the Charge Pump Converter which converter which converts 30V to +-15V
and supplies the amplifiers
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A.1. DESIGN SCHEMATICS OF ELECTRICAL STIMULATOR
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Sequencial Amplifiers to produce the biphasic pulse. The first Amplifier is a differential amplifier.
Takes as input two biphasic pulses amplitude +5Volt from microcontroller and 
converts them to a biphasic pulse with an amplitude 12Volts. 
So the output of the first amplifier will be +12 -12 0. 
The second aplifier acts as buffer and its main role is only to make stable the signal cominng from the irst one. 
So after the second amplifier the signal will be again +12V -12V 0. The main reason that we use the third amplifier
 in series with the other to is because we want to have all the range
 of values from 0 to 12Volts and from 0 to -12Volts. 
Thus, if the user want to give a stimulation signal 
8Volts and -8 Volts, with the integration of a potentiometer
 in paraller with the resistor of 20Volts can achieve it. In the potentiometer the resistance changes according to 
what we want to achieve. By changing the resistance of
 potentiometer the voltage 
increases or decreases according to V=I*R

This is the connector of the Arduino Nano. I added the pins of the Arduino Nano that is going to be connected with this connector. Thus, I am going to integrade the arduino nano with headers to my PCB. (SMD).
Microcontoller through pins A0-A7 send signals to multiplexers so to activate the corresponding channel of electrodes with which the demultiplexers are connected.

H R18 mporei na allazei analogws to fortio. Ksekinaw me 1k th xrhsimopoiw gia na meiwsw to peak sto current. Analogws to fortio isws xreiazetai na to meiwsw.

Connect D3 and D5 pins of microcontroller in order the opa991 to take as input monophasic pulses PWM 3.3 Volts

D3 and D5 pins of microcontroller generate monophasic pulses PWM 5 Volts

Figure A.3: Entire Schematic of Electrical Stimulator Circuit
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A.1. DESIGN SCHEMATICS OF ELECTRICAL STIMULATOR

Figure A.4: 3D Version of Electrical Stimulator
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A.1. DESIGN SCHEMATICS OF ELECTRICAL STIMULATOR

Figure A.5: The KiCad schematic of the front layer of the PCB

Figure A.6: The KiCad schematic of the second layer of the PCB
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A.1. DESIGN SCHEMATICS OF ELECTRICAL STIMULATOR

Figure A.7: The KiCad schematic of the third layer of the PCB

Figure A.8: The KiCad schematic of the back layer of the PCB
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APPENDIX B

PROGRAMMING CODE IN C/C++ FOR CONTROLLING THE
ELECTRICAL STIMULATOR

Figure B.1: Set up and initialization of parameters.

Figure B.2: Set up and initialization of parameters.
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Figure B.3: Channel selection-automated the user just type the desired channel of stimulation in the
serial monitor and the pulse is directed to it.

Figure B.4: Channel selection-automated the user just type the desired channel of stimulation in the
serial monitor and the pulse is directed to it.
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Figure B.5: Voltage Measurement and Current Measurement circuits and

Figure B.6: Safety Module
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APPENDIX C

SIMULATION CIRCUIT OF SECOND METHOD OF BIPHASIC
PULSE GENERATION

Figure C.1: Simulation circuit of second method of biphasic pulse generation

Figure C.2: Result from simulation of second method of biphasic pulse generation
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APPENDIXD

LISTS WITH ELECTRONIC COMPONENT SELECTION

Table D.1: Component List fo DC Buck Converter

Part number Description Manufacturer

TPS54360BDDAR 60-V input, 3.5-A, step-down DC/DC converter Texas Instruments

ASPI-0630LR-100M-T15 Inductor SMD:L Abracon ASPI-0630LR ABRACON

B560C-13-F D Schottky Diodes incorporated

C0805C475J3RACTU 4.7u Capacitor KEMET

C0603C101K1HACAUTO 100p Capacitor KEMET

CRCW0603100KFKEAC 100k Resistor Vishay

CHP0603-FX-6801ELF 6.8k Resistor Bourns

C0603C104J3REC7411 0.1u Capacitor KEMET

CRCW060311K0FKEA 9.7k Resistor Vishay
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Table D.2: Component List fo DC Buck Converter

Part number Description Manufacturer

LTC3260EMSE#PBF LTC3260,Charge Pump Inverter,MSOP EP-16 Linear Technology

CRCW06031M15FKEA Resistor SMD:R 0603 1608Metric 1.15M Vishay

CRCW0603100KFKEAC Resistor SMD:R 0603 1608Metric 100k Vishay

CRCW0603200KFKEAC Resistor SMD:R 0603 1608Metric 200k Vishay

C0805C475J3RACTU Capacitor SMD:C 0805 2012Metric 4.7u KEMET

TMK107BJ105KA-T Capacitor SMD:C 0603 1608Metric 1u Tayo Yuden

CGA3E1C0G2A103J080AE Capacitor SMD:C 0603 1608Metric 10n TDK

Table D.3: Component List for Biphasic Pulse Generation Unit

Part number Description Manufacturer

OPA196IDBVR 36V, Low Power, All-Purpose Amplifier Texas Instruments

OPA462IDDA Operational Amplifiers - Op Amps 180-V Texas Instruments

TDD01H0SB1R SIP Switches Jumper Switch 2 positions C & K COMPONENTS

OPA990IDBVR 36V, Low Power, All-Purpose Amplifier Texas Instruments

CRCW060324K3FKEA 24.3k Vishay

RN731JTTD2912F100 29.1k KOA Speer

AC0603FR-10120KL 120k Yageo

CRCW060315R0FKEA 15 ohm Vishay

PDB181-K415F-503B Potentiometer Omeg PC16BU Horizontal Bourns

AC0603FR-1020KL 20k Yageo

CC0603MRY5V9BB104 100n Yageo

RC0603FR-0747KL 47k Yageo

Table D.4: Component List for Howland Converter

Part number Description Manufacturer

OPA462IDDA Operational Amplifiers - Op Amps 180-V Texas Instruments

R POT TRIM US R POT TRIM US Vishay

ERA-3ARW104V Resistor SMD:100k Panasonic

TNPU0603500RAZEN00 Resistor SMD:500 Vishay

RT0603BRD0750KL Resistor SMD:50k Yageo

CRCW06031K00FKEAC Resistor SMD:1k Vishay
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Table D.5: Component List for Voltage Measurement and Microcontroller

Part number Description Manufacturer

OPA990IDBVR
Operational Amplifiers ,
44V

Texas Instruments

Diode SMD:D SOD-523 CMOZ2L7 TR PBFREE Central Semiconductor
APC0603B10K0N Resistor SMD:10k ARCOL/Ohmite
RR0816P-162-D Resistor SMD:1.6k Susumu
ERJ-UP3F3002V Resistor SMD:30k Panasonic
CC0603MRY5V9BB104 Capacitor SMD:100n Yageo
ATMEGA328 MCU Arduino
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