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ABSTRACT

This thesis examined the development and application of a programmable pulsed
electromagnetic field (PEMF) generation system for use in osteoarthritis research. The
use of electric and magnetic fields is an active area of research involving the exposure of
many cell types. Application towards treatments for osteoarthritis involves the exposure
of chondrocytes to regenerate cartilage tissue. Laboratory experiments have demonstrated
the potential for PEMF exposure to alter the morphology of in vitro cultured human
chondrocytes. To assist the future laboratory research, a programmable PEMF generation
system has been designed, built and tested to produce a user-specified ramp magnetic
field. An electromagnetic model of a coil set was developed to provide a theoretical basis
for this proposed system. Lastly, the programmable PEMF generation system was applied
to the testing of calcium ion resonance in transmembrane channels and its regulation of

chondrocyte morphology.
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Chapter 1
1. Introduction

1.1. Osteoarthritis

Osteoarthritis is a joint disease where the surface layer of articular cartilage breaks down
and wears away. As the disease progresses, joints may lose their normal shape, develop
bone spurs and bits of bone or cartilage can break off and float within the joint space. As
a result, bones rub together resulting in pain, swelling and loss of motion in the joint.
Images of healthy (figure 1-1a) and osteoarthritic (figure 1-1b) cartilage tissue prepared
with trichrome staining emphasise these characteristics. Unlike other forms of arthritis,
osteoarthritis only affects joints and not internal organs [1]. According to Canadian
statistics, osteoarthritis affects 1 in 10 Canadians [2]. In the United States, 46 million
people are affected with some form of arthritis [3]. Of those cases, osteoarthritis is the
most prevalent affecting almost 21 million [4]. It is estimated that by 2030 there will be
65 million Americans affected with arthritis [5]. Generally, osteoarthritis is more
common in women over the age of 45 affecting common target areas such as the hands,
knees, hip or spine [1]. Osteoarthritis is the leading cause of disability in Americans [6].
Therefore, it is not surprising that osteoarthritis causes an annual financial burden of

$86.2 billion to the United States economy [7].

(a) & (b)
Figure 1-1: A comparison of (a) healthy and (b) osteoarthritic cartilage tissue prepared

with trichrome staining.



1.2. Application and Significance of a Programmable Pulsed
Electromagnetic Field Generation System to Osteoarthritis
Research

Pulsed electromagnetic field (PEMF) exposure has been used to treat various
musculoskeletal disorders. Since approval was obtained by the Food and Drug
Administration in 1979, PEMF exposure has treated non-union bone fractures with an
average success rate of 75% [8]. PEMFs have recently been used to treat patients with
osteoarthritis. Treatment centers have been developed worldwide that utilize a
methodology known as Pulsed Signal Therapy (PST). The theory proposes that
electromagnetic fields act as the signal that triggers regenerative processes within
cartilage tissue, thereby stimulating chondrocytes to produce the components of cartilage
and repairing damaged tissue [9,10]. Whereas the above treatments apply a pulsed
magnetic stimulation using a coil system, other clinical systems have used implanted
electrodes to create a pulsed electrical stimulation. Patients have reported improvements
in knee pain, function, flexion and active daily living [11,12]. However, the use of
electromagnetic fields is the preferred method of treatment since it is non-invasive. As a
result, issues regarding the surgical implantation and removal of electrodes [13], limited
stimulatory tissue area [14] and electrode corrosion [15] can be avoided during treatment
sessions. Although the results from these clinical trials are promising, the mechanism by
which PEMF exposure alters cartilage tissue and the repair of injury still remains largely

unknown.

Since the mechanisms by which PEMF exposure remedies osteoarthritis are not
understood, there exists the need for further research. This will be achieved through a
series of studies exposing in vitro cultured human chondrocytes to PEMFs.
Understanding the effect of PEMF exposure on chondrocyte behaviour is the first step in

modelling the repair process of cartilage tissue.



1.3. Objectives

There are two objectives to the work performed in this thesis:

The primary objective of this thesis is to design, build, and test a programmable PEMF

generation system.

The secondary objective of this thesis is to demonstrate the application of the
programmable PEMF generation system on in vitro cultured human chondrocytes. This
application is demonstrated through the investigation of calcium ion resonance in
transmembrane channels, as a possible mechanism used by PEMFs to alter chondrocyte

morphology.

1.4. Scope of Work

The primary objective is to design, build, and test a programmable PEMF generation

system. Several requirements must be met in order to meet this objective.

In the laboratory, electromagnetic field generation was originally a manual process using
an extensive array of expensive electrical components. Configuration of these individual
components required knowledge of an electrical and electronics background. To ease the
task of generating electromagnetic fields, a programmable PEMF generation system is
proposed by this thesis. This calibrated instrument can generate ramping magnetic fields
with a configurable peak-to-peak ramp magnetic field strength, magnetic field bias, ramp
pulse duration, pulse train length, and duty cycle. Use of this system reduces the amount
of equipment and automates the process of generating electromagnetic fields for the in
vitro cultured human chondrocyte exposure studies performed in the laboratory. As a
result, the biologist and lab technician can focus on the chondrocyte tests relevant to their

study, rather than how the PEMF is developed.

From a review of the literature, the following specifications were determined for the

programmable PEMF generation system. The system will allow the user to configure



both the magnitude and timing aspects of the overall ramp magnetic field. The system can
generate an alternating current (AC) magnetic field ranging from 0.5mTpeak-to-peak PPy tO
2.5mTpp. The user can add a direct current (DC) magnetic field ranging from OmT to
1.25mT. The width of a single ramp pulse can range from Imsec to 35msec. The
waveform can either be a continuous pulse train or be divided into packets ranging from 1

to 25 pulses. The duty cycle of this pulse train can range from 10% to 95%.

The design of this system requires both hardware and firmware strategies. A
microcontroller is used to control the operation of the hardware components required to
generate the desired waveform. Custom firmware is required to convert the desired
PEMF configuration, as specified by the user, into the settings for the hardware
components. It is these hardware components that physically produce the signal sent to

the coil set for the generation of PEMFs.

Lastly, the specified operating range must be verified once the system has been
fabricated. A comprehensive testing procedure will determine the accuracy of the system
across its specified operating range. The verification of this system has a process of
checks and balances. There must be agreement between theoretical values, the voltage
output of the programmable waveform generator, and the magnetic field output of the

coil set.

A secondary objective is to demonstrate the application of the system for exposing in
vitro cultured human chondrocytes to PEMFs. Prior laboratory results indicated that
specific PEMF exposure conditions are required to alter chondrocyte morphology. The
application of this system will investigate a hypothesis regarding ion resonance in
transmembrane channels, specifically the calcium ion, as a mechanism used by PEMFs to

alter the morphology of chondrocytes.

Three PEMF conditions are used to test the hypothesis of calcium ion resonance in
transmembrane channels according to the following procedure: (1) a resonant condition

for the calcium ion is applied to the chondrocytes, (2) two different non-resonant



conditions are applied to the chondrocytes. These two non-resonant conditions test the

requirements for the pulse width and magnetic ramp magnitude respectively.

Although the requirements have been stated, there are also several limitations to the
fulfillment of the secondary thesis objective. With regards to the investigation of ion
resonance, there is an operating window in which resonance occurs. The intent of this
preliminary investigation is to determine if the mechanism of calcium ion resonance
regulates chondrocyte morphology. A more intensive investigation will look specifically
at the width of the operating window that promotes resonance. This operating window
could be influenced by the AC magnetic field strength, DC magnetic field strength,
duration of the ramp pulse, duty cycle of the waveform, and length of the stimulating

pulse train.

1.5. Thesis Overview

This thesis consists of eight chapters. These chapters encompass a literature review, a
discussion of PEMF exposure affecting chondrocyte morphology, the development of a

programmable PEMF generation system, and its application to osteoarthritis research.

Chapter 1 provides the introduction to this work. Awareness of the problems associated
with osteoarthritis justifies the development of research to resolve these issues. The
introduction also justifies the development of a programmable PEMF generation system
to assist the laboratory’s research on in vitro cultured human chondrocyte exposure to

PEMFs. As well, the objective and scope of the work in this thesis are presented.

Chapter 2 provides a literature review of topics relevant to this thesis. Biological
background concerning joints, cartilage and chondrocytes is provided. This knowledge is
further expanded with an overview of the current treatments available for patients with
osteoarthritis. The chapter then discusses the studies performed by other research groups
exposing cells, mainly chondrocytes, to static electric, static magnetic, and
electromagnetic fields respectively. Lastly the theory of ion resonance in transmembrane

channels is introduced as a mechanism to control chondrocyte behaviour.



Chapter 3 discusses previous laboratory results of exposing in vitro cultured human
chondrocytes to electromagnetic fields. These served as motivation for the development
of a programmable PEMF generation system for the execution of further studies. These
results demonstrated that PEMF exposure could alter the morphology of chondrocytes.

Chapter 4 provides an overview of electromagnetic theory. A theoretical model is

presented for the magnetic and electric field produced by a coil pair.

Chapter 5 describes the design of a programmable PEMF generation system. This process
includes the selection of hardware for the programmable waveform generator, coil driver,
coil set and magnetic field sensor. It also provides an outline of the firmware written for

the system.

Chapter 6 describes the testing and verification of the programmable PEMF generation
system. The test results are used to verify the voltage signal from the programmable

waveform generator and the magnetic field produced by the coil set.

Chapter 7 demonstrates the application of this programmable PEMF generation system
for exposing in vitro cultured human chondrocytes to PEMFs. This investigation tests a
hypothesis of calcium ion resonance in transmembrane channels as a possible mechanism

by which PEMF exposure affects chondrocyte morphology.

Chapter 8 is a summary of the thesis work. It provides concluding statements on the
success of the programmable PEMF generation system and its application to in vitro
cultured human chondrocyte exposure studies. Future recommendations are made to

discuss the next steps of this research.



Chapter 2
2. Literature Review

2.1. Anatomy

The long-term objective of this research is to develop a non-invasive treatment for
osteoarthritis using exposure to PEMFs. This treatment would target the joints of patients
affected with osteoarthritis. As a result, an understanding of the physiology of a common
joint is required for the awareness of issues that may immerge in future experimentation.
Hence this chapter has been written to provide an overview of joints, cartilage, and
chondrocytes. There are shortcomings in the natural repair of cartilage that lead to the
development of osteoarthritis. The current treatments available for osteoarthritis only
reduce the severity of the symptoms; hence a novel treatment that addresses the repair of

cartilage is of significant importance to the advancement of medicine.

2.1.1. Joints

The purpose of a joint is to allow smooth and controlled movement between bones and to
absorb the shock from repetitive movements. As shown in figure 2-1, there are five basic
components to a joint: bone, cartilage, joint capsule or synovium, synovial fluid, and
other connective tissues (ligaments, tendons and muscles) [1]. The joint capsule is a
tough membrane sac that contains all the components of the joint. On the inside surface
of the joint capsule is a thin membrane called the synovium. Within this capsule is
synovial fluid that lubricates the joint. Ligaments, tendons and muscles stabilize the joint,
allowing it to bend and move. As mentioned, osteoarthritis targets articular cartilage
which is the hard and slippery coating on the end of each bone. The degradation of
cartilage from osteoarthritis impedes the smooth movement between the bones,

compromising the functionality of the joint.
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Figure 2-1: Composition of a human joint

2.1.2. Cartilage

Articular cartilage, also known as hyaline cartilage, covers the ends of all bones in
synovial joints. It is characterized by outstanding lubricating properties and a low
coefficient of friction. Cartilage is different from other types of tissue because it does not
have intrinsic blood vessels, nerves or lymph vessels. The lack of a blood supply along
with a limited number of chondrocytes impedes the repair capability of cartilage tissue

[16].

There are two distinct components to the structure of cartilage. The first component is a
fluid composed of water and electrolytes. The second is a solid composed of collagen
fibrils, proteoglycans and other glycoproteins. According to weight, the composition of
articular cartilage is 65-80% water, 15-25% type II collagen, and 5-10% proteoglycans
[17]. Collagen is a fibrous protein and proteoglycan is a combination of protein and
glycosaminoglycan (sugar); they interweave to form the cartilage matrix [1]. Within this
matrix is a limited supply of chondrocytes, less than 10% of cartilage volume, that

manufacture collagen and proteoglycans [16].



The organization of cartilage matrix varies according to three depth zones. In the
superficial zone, the cartilage contains fine collagen fibrils arranged parallel to the
surface. In the mid-zone, the collagen fibrils have random arrangement. Lastly, in the
deep zone the collagen fibrils are aligned perpendicular to the articulating surface
[18,19]. The typical thickness of cartilage, such as on the human patella, is 1.5mm. As
subjects mature the thickness of their cartilage decreases, along with an increase in

collagen content and decrease in proteoglycan concentration [16].

During cartilage loading proteoglycans are under tension as they attempt to restrain water
flow. A property of proteoglycans is that they are hydrophilic; repelling each other if
forced together. There is also an electrostatic attraction between the positive charges
along the collagen fibrils and the negative charges of the glycosaminoglycans. The
compressive aggregate modulus for human articular cartilage correlates inversely with
water content and directly with proteoglycan content [16]. Early signs of osteoarthritis are
increased tissue hydration and loss of proteoglycans [17]. When cartilage tissue is placed
under compressive stress, fluid flows out of the tissue. When the stress is removed, the
fluid returns. This synovial fluid contains a mixture of ions, both positive and negative.
The compression of the tissue causes a separation of charge between these free ions in the
synovial fluid and the fixed negative charges on the proteoglycans; hence the
development of an electric field [20,21]. It is believed that the presence of this
electromagnetic field in cartilage tissue stimulates chondrocyte synthesis of matrix

components [22].

An understanding of these naturally occurring electric fields requires the development of
cartilage models. Lai et al. [23,24] proposed a cartilage model considering both the
chondrocyte and the extracellular matrix according to a triphasic theory. Their model
determines the electric field in and around a chondrocyte inside a layer of cartilage tissue
in one-dimensional confined compression. The triphasic theory computes the current
density at any point as the vector sum of the convection, diffusion, and conduction

currents. Convection current is driven by the pressure gradient, causing fluid flow that



convects cations and anions. Diffusion current is driven by the concentration gradient
between cations and anions moving at different speeds and directions. Lastly, conduction
current is driven by the non-zero electric potential gradient, causing the movement of
ions. The presence of these three different currents induces two types of potentials. A
“streaming potential” or fluid flow within charged tissue is caused by a pressure gradient.
On the other hand, a diffusion potential 1s caused by a concentration gradient of the fixed
charges within the tissue; either strain-induced or naturally occurring. Since they have
opposite polarity, these two potentials compete against each other [17]. Depending upon
the loading conditions, they may be of the same order of magnitude. Hence the resulting

net potential will ultimately affect the generation of electric fields within cartilage.

As cartilage ages, changes occur to cellularity, glycosaminoglycans and proteoglycans.
Chondrocyte death occurs in many adult permanent cartilages, causing them to be less
cellular than immature tissues. However, changes in cellularity depend on the location of
the cartilage in the body and the probability for the development of fibrillation [25]. For
example, cartilage from the femoral head showed as much as a 35% decrease in
cellularity over a 30-100 year period [26], while no changes were noted in cartilage from
the humeral head [25,27]. Although there is little reduction in the total
glycosaminoglycan content of normal articular cartilage during adult life [18], the
proportions of glycosaminoglycans does vary. The majority of changes occur in the deep
zone of the cartilage where keratansulphate content will change from very low at birth to

as much as 55% of total glycosaminoglycan in adults [28].
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2.1.3. Chondrocytes

The chondrocytes are the maintenance cells responsible for the development of healthy
cartilage. Although the cell boundaries are difficult to determine in situ, the diameter of
chondrocytes in articular cartilage ranges from 10pm to 40um [18,29,30]. The physical
characteristics of chondrocytes are largely dependant on factors such as the type of
cartilage, the position of the cell within the tissue, tissue cellularity, and the age of the

tissue [18].

The morphology of chondrocytes can be characterized according to the three depth zones
of articular cartilage. The superficial zone of articular cartilage is located at the surface.
Here, the cells are flattened, discoidal or spindle shaped. Their long axes are parallel to
the joint surface and aligned with the collagen fibrils [18,19]. Chondrocytes in the
superficial zone have many more vesicles, than deeper cells, used for the uptake of
synovial fluid rich in nutrients [31]. Chondrocytes in this region are subject to greater
levels of cell deformation, requiring a denser cytoskeleton to maintain structural stability
[32]. In the mid zone, the cells are more rounded, with random distribution through the
tissue. In the deep zone, the chondrocytes form columns with the collagen fibrils that are
perpendicular to the joint surface. Notably, the size of chondrocytes is larger in the

deeper zones than at the articular surface [18,19].

As chondrocytes mature, they experience an increase in size [33], accompanied by a
decrease in their density within the cartilage sample [34]. Chondrocytes may also posses
a single cilium, but its presence becomes less frequent with age [18]. Since chondrocytes
are considered to be non-motile, the cilium could possibly function as a chemoreceptor

[34].

In situ chondrocytes of the human tibial plateau cartilage have been analyzed using
confocal scanning laser microscopy. Approximately 40% of chondrocytes demonstrated
processes up to 20um long [35] and the majority of cells within all cartilage zones had

fine cytoplasmic processes of varying dimension [19]. Occasionally, chondrocytes had a
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relatively smooth membrane surface, but these cases were limited to 10% of the
population. Interestingly, chondrocytes located in the superficial zone of degenerate
cartilage possessed relatively long processes. Although the functional importance of
cytoplasmic processes is unclear, they appear to develop into defects of the pericellular
matrix. Since chondrocytes in damaged tissue possess longer processes, this may make
them more vulnerable to mechanical stresses exerted on cartilage [19]. Increased

chondrocyte death is typical in cartilage samples affected by osteoarthritis [18].

Like other types of biological cells, chondrocytes possess a nucleus, various tubular and

membranous organelles, as well as glycogen and lipid droplets.

The cytoplasm of chondrocytes contains different types of tubules and filaments:
centrioles, microtubules and microfilaments and intermediate filaments. Immature
chondrocytes possess either one or two centrioles, due to their relatively high mitotic
index. However when mitosis ceases in adult chondrocytes, the centrioles are absent [36].
Microtubules form a loose mesh spanning throughout the cytoplasm [32]. They are found
in immature cartilage cells, and occasionally in adult cells as short lengths [37,38]. They
play a role in the maintenance and regulation of cell shape, as well as intracellular
organization and the movement of materials. Since microtubules are important to the
process of collagen secretion, this may explain why they are scarce in adult cells [18].
Actin microfilaments are localized just inside the cell membrane. This network may
provide structural protection to the chondrocyte against shear stresses present in cartilage
tissue [39]. Although they provide structural rigidity, they are considered a sign of cell
deterioration when present in large quantities throughout the cytoplasm [40]. Intermediate
filaments are organized in a tighter mesh than microfilaments and span the extent of the
cytoplasm from outer membrane to the nucleus [32]. They are believed to contribute to
intracellular messenger ribonucleic acid (mRNA) transport as well as the mechanical
signal transduction system in chondrocytes [41]. This idea is supported by studies
showing that changes to cell morphology also deformed the nucleus through these

intermediate filaments, thereby altering the production of proteoglycans [42].
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Chondrocytes possess four membranous organelles: endoplasmic reticulum (ER), Golgi
complex, lysosomes and mitochondria. The presence of a granular ER indicates that the
cell has rich protein synthetic activity. Its outer surface is covered with ribosomes that
contain RNA and proteins to produce polypeptide chains. These polypeptide chains are
sent to the Golgi apparatus where the completion of polysaccharide synthesis occurs. This
entire process is accentuated in the chondrocyte since it is important for the production of
proteoglycans. The Golgi apparatus also functions to package materials for secretion by
the chondrocyte and to produce lysosomes. Lysosomes are vesicles containing
degradative enzymes. Although used in cell maintenance, in the case of chondrocytes,
lysosomes may be important to the normal degradation and turnover of the cartilage
matrix [18]. The mitochondria are the powerhouse of the chondrocyte responsible for the
production of adenosine triphosphate (ATP) used to drive chemical reactions. As
chondrocytes age, the increasingly poor development of their mitochondria leads to the

low respiratory activity that is characteristic of ageing cartilage [18,43].

The cytoplasm of chondrocytes also possesses inclusions such as glycogen and lipid.
Glycogen is abundant in chondrocytes, playing a possible role as a raw material for
matrix synthesis [44]. Chondrocytes also usually contain one or more lipid droplets. The
amount varies with the type and age of cartilage and the position of the cell in the tissue
[45,46]; being most prominent in the chondrocytes in the middle zone of articular
cartilage [18]. It is not known why lipids are so prominent in chondrocytes, where the

lipid droplets can have diameters up to 10um [18].
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2.2. Cartilage Repair and Osteoarthritis

2.2.1.Natural Repair of Cartilage

Articular cartilage has a very limited capacity for repair due to the lack of a blood supply
and a limited number of chondrocytes within the tissue. Injury to cartilage can result from
a single traumatic load or the accumulation of microtrauma over an extended period of
time [16]. Due to the metabolically inert nature of the collagen network, the tensile stress
applied to the surface of cartilage may rupture this network. The failure point could be
classified as either abnormally high stresses acting on normal cartilage or normal stresses

acting on defective cartilage [18].

Extrinsic processes are vital to the repair of discrete cartilage lesions. These lesions can
be either partial or full thickness defects. Partial lesions are restricted within the confines
of cartilage tissue, thereby restricting access to blood-bone cells, macrophages or
mesenchymal stem cells located within the bone-marrow. Full thickness lesions penetrate
to the subchondral bone marrow allowing access to cells residing in the bone marrow
[47]. Although partial lesions do not initiate a repair process, full thickness lesions will
develop a repair tissue lasting for six to twelve months before degeneration [47,48]. Even
though some good results can be obtained [49], often lesions fail to heal and will enlarge

with time [47].

Spontaneous repair occurs in full thickness cartilage lesions, despite an end result of
degeneration. The repair begins in the first 48 hours, by developing a fibrin clot
organized with parallel strands across the wound. Within five days, mesenchymal cells
penetrate this fibrin clot, differentiate into fibroblasts and replace it with collagen fibres.
After two weeks, the fibroblasts differentiate into chondrocytes and lay down a
proteoglycan rich extracellular matrix. Although after eight weeks this matrix resembles
cartilage, it is mostly fibrous in nature, due to the presence of type I collagen, and

eventually shows signs of degeneration after 48 weeks. It is believed that this

14



degeneration occurs because of a lack of integration between the repair and native

articular cartilage [47,48].

Cartilage repair following acute trauma is believed to be an intrinsic process by which the
chondrocytes repair the tissue. Although ineffective in advanced lesions, intrinsic
cartilage repair does possess the two necessary elements of cell multiplication and matrix
secretion. Since cartilage is avascular there is no phase of acute inflammation, which is
important to the delivery of repair substances. Instead, there are only phases of necrosis
and proliferation [50]. In both partial and full thickness lesions, the bordering 50pum to
100pm of cartilage undergoes necrosis for a two week period. This constant width of the
necrosis zone suggests a mechanism dependant on the diffusion of substances into the
tissue. After approximately three weeks, cell clusters of chondrocytes are present adjacent
to the necrotic zone. It is believed that these cell clusters are due to cell proliferation
rather than a redistribution of existing chondrocytes [18]. It is possible that proteoglycans
have direct control over chondrocyte proliferation in their immediate vicinity [51]. There
is also an indirect effect of matrix changes on diffusion of nutrients. Fissured cartilage
would provide easier access to nutrients, supporting a greater amount of chondrocytes.
However this phase of proliferation is short lived. Initially the chondrocytes are highly
active, but eventually their synthetic activity subsides [52] and the cells degenerate [53].
Unfortunately the intrinsic repair process contributes no more to wound healing than

some reorganization of the necrosis zone [50].
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2.2.2. Treatments for Osteoarthritis

Individuals affected with osteoarthritis have available various treatments such as basic
exercise and joint care, medicines, and surgical methods. However, there is presently no

cure for osteoarthritis and these treatments only serve to reduce the severity of its

symptoms.

There are various non-medicinal treatments available that are successful in reducing the
symptoms of osteoarthritis. Treatments such as exercise and weight control help to
strengthen the joint and reduce the daily impact that it normally receives from the body.
Sometimes people require the use of splints or canes for stability and to reduce the loads
placed on the joint during daily activities. Similarly, there are various non-drug
techniques, such as heat and cold packs, which are employed by many people to reduce

the swelling, inflammation and pain of affected joints [1].

Alternatively, there are also several medicinal treatments for osteoarthritis. The most
basic form is the use of acetaminophen, or Tylenol, to relieve pain. Alternatively, non-
steroidal anti-inflammatory drugs (NSAIDs), such as aspirin and ibuprofen, can be used
to block the production of prostaglandins that trigger inflammations [16]. However, the
regular use of NSAIDs brings forth the risks of side effects, such as the development of
stomach ulcers [1]. In addition aspirin, has been shown in animal studies to inhibit
proteoglycan synthesis and cartilage repair processes in animals [54]. Specific to patients
with osteoarthritis, hyaluronic acid injections replace any lost fluid in the joint and help to
suppress inflammation. Hyaluronic acid is a normal component of the joint that is
involved in joint lubrication and nutrition. Dietary supplements such as glucosamine and
chondroitin sulphate can also be administered to patients with osteoarthritis.
Glucosamine stimulates the production of glycosaminoglycans, the sugar component of
proteoglycans. Chondroitin sulphate is a type of glycosaminoglycan and hence a primary

building block of cartilage [1,16].
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When other treatment methods are unsuccessful in reducing the symptoms of
osteoarthritis, surgical methods can be mediated. Surgical methods span a variety of

techniques such as tissue grafting, matrix suspensions, and joint replacements.

There are several grafting methods used in the surgical treatments. Perichondrial tissue
has excellent repair promoting properties. However, when grafted into the damaged area,
long term stability has not been achieved because the transplanted material tends to
detach. Osteochondral grafts, as in mosaicplasty, do not integrate with the native tissue
resulting in degeneration of the transplanted tissue. Matrix embedded procedures require
a culture of the patient’s chondrocytes. The matrix used by this procedure must be
biocompatible, mechanically stable and promote integration with the native cartilage
tissue. The matrix serves as a scaffold that optimizes the density and immobilization of
the chondrocytes. The critical size limit of a spontaneous healing response can be
overcome by the bridging action of a proper matrix. Similarly, chondrocyte matrix
suspensions can be contained at the lesion using a periosteal flap, which helps to organize
and assist the repair response. Unfortunately, treatments using these techniques have been
unpredictable. These failures can be attributed to the hypertrophy of chondrocytes, poor
matrix properties, and the stability of the surgical procedure [47].

If the joint damage is too severe, the only solution will be a total joint replacement.

However, artificial joints only have an average lifetime of 15 to 20 years, requiring future

surgical procedures depending upon the age of the patient [1].
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2.3. Cellular Exposure to Electric and Magnetic Fields

2.3.1. Exposure to DC Electric Fields

As will be discussed, DC electric fields can alter the behaviour of biological cells through
electric field induced migration and shape change by mimicking the electric fields
naturally produced at the site of traumatized tissue. At the local site of injury the
surrounding cells have damaged cell membranes. The ion flux through these leaky
membranes produces a wound current. Studies have shown that lateral electric fields of
strengths 1V/cm to 2V/cm form across the site of injury [55]. This wound current flows
through the low resistance of the wound pathway. As a result the voltage at the center of
the wound is more negative than surrounding areas [56]. It is estimated that during human
development in the womb the body experiences electric fields of 5V/cm [57]. Similarly,

joint loading produces electric fields in cartilage tissue of strengths up to 15V/cm [58].

In vitro studies using cultured chondrocytes have demonstrated that exposure to a DC
electric field, in the range of 1V/cm to 6V/cm, increased their motility with a unified
direction towards the cathode of the field [59,60]. In experiments performed at Columbia
University [59], chondrocytes possessed a control speed of 5.5+4.65um/hr. However,
with a directed velocity of only 0.95+5.3um/hr, the direction of chondrocyte movement
was highly random. A threshold electric field strength of 0.8V/cm was found to
significantly increase the directed velocity of chondrocyte migration. Under these
conditions the speed of migration was 8.17+£6.92um/hr, with an increased directed
velocity of 1.81+8.1um/hr. Further experimentation revealed that the migratory effect
became dose dependant for field strengths exceeding 4V/cm. Chondrocytes exposed to a
10V/em electric field possessed a speed of 23.54+11.03um/hr, with a drastically
increased directed velocity of 17.59+15.35um/hr towards the cathode of the electric field.
It has been suggested that the general speed and directed velocity of cell motility are
controlled by independent signalling pathways [56]. Electric fields affect the immediate
behaviour of chondrocyte cells, as there was no observed latency time before the

initiation of the field-induced migration [59].
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Exposure to electric fields causes the reorganization of cell surface receptors with the
actin cytoskeleton. Chondrocytes migrate by projecting broad actin-filled lamellipodia.
They establish pseudopodia and lamellipodia at their leading edge and ruffled borders at
their trailing edge [61]. After one hour of exposure, the chondrocytes began to elongate
perpendicular to the applied electric field [59]. This perpendicular alignment of the cell

may be an attempt to minimize the electric field gradient across the cell [62].

Electric fields can similarly affect the behaviour of cell types other than chondrocytes,
such as epithelial cells [63,64,65,66], endothelial cells [67], and fibroblasts [68,69]. A
threshold 1V/cm electric field applied to corneal epithelial cells and keratinocytes caused
their migration towards the cathode at an average speed of 30£2um/hr and 34+2pm/hr
respectively [66]. The directional migration of endothelial cells could be increased in
speed under high electric field strengths of 10V/cm. This process was partially self
sustaining once the cell became polarized. Asymmetric distribution of lamellipodia
persisted with the removal of the electric field and random orientation gradually returned

over a one hour period [67].

Actin organization within the cell is responsible for the extension and retraction of
lamellipodia and other locomotive protrusions. DC electric fields can suppress the
protrusive activity from anode-facing surfaces of the cell while stimulating those facing
the cathode [67]. Exposure to electric fields disrupts the cytoskeletal actin network and
increases intracellular calcium concentration. It 1s believed that lamellar extension is
regulated by calcium concentration within the cytoplasm, since cellular response was
inhibited when calcium flux across the membrane was blocked [70,69]. At the cathode
facing side, calcium will activate actin-binding proteins such as gelsolin, thereby creating
more actin filaments [67]. This will cause the lamella to swell, due to either osmotic
pressure or hydrostatic pressure from the actin network. Hence the cell will move forward
and form new attachment sites. Calcium entry near the cell body will activate the
actomyosin contractile system, pulling the cell forward. Consequently, increased tension

within the cell will cause the retraction of the anode facing side [69]. Electric field
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exposure also induced a transient 80% increase in the total actin content of cytoplasm.
During exposure, actin filaments became asymmetrically distributed, favouring the
cathode facing side of the cell [67]. These filaments were orientated perpendicular to the
applied electric field [65]. At high field strengths of 10V/cm, the endothelial cell was
stretched completely perpendicular to the orientation of the field [67].

The perpendicular alignment to an electric field was observed in many cell types.
Myoblasts placed in electric fields as low as 0.36V/cm developed a bipolar axis [63].
Fibroblasts were sensitive to a threshold DC electric field of 1.5V/cm, orienting their long
axes perpendicular to the field lines after ninety minutes of exposure [68,69]. When
fibroblasts are exposed to 10V/cm electric fields, the occurrence of spindle shaped cells
increased dramatically during a one hour period [69]. It was demonstrated in epithelial
cells, that these behavioural alterations were not permanent effects as both cell shape and
orientation usually relaxed within an hour of field removal [65]. When the conductance
differs on opposite sides of the cell, the initial response of many cells is to withdraw their
anode and cathode facing protrusions. Hence cells elongate perpendicular to the field in
order to minimize voltage drop across the cell. Those portions of the cell periphery that

retract are the locations most strongly perturbed from the resting potential [71].

Electric fields target the plasma membrane, since it is site of the most electrical resistance
in the cell [68]. There are various signalling pathways, such as membrane polarization or
electro-osmosis, by which electric field exposure could modify the behaviour of cells
[72]. Electric fields depolarize the cathode facing sections of the cell membrane and
hyperpolarize anode facing sections, resulting in a differential opening of voltage-
regulated ion channels on opposite sides of the cells [73]. A perturbation of 2mV to 6mV
in the resting membrane potential of a cell, possible with electric fields of 1V/cm, would
be sufficient to influence local ion permeabilities and cell behaviour [68]. This limits ion

entry to certain areas of the cell.

Alternatively, electro-osmosis may redistribute cell surface receptors towards the

cathodal face of the cell membrane. Since the membrane has high impedance this lateral
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mobility of cell proteins may be due to current flowing around the cell [59]. In spherical
cells, this lateral flow of current can locally increase the electric field by 50% [73].
Therefore, increased forces from the electric field can move charged lipids and

glycoproteins towards one end of the cell [56].

2.3.2. Exposure to DC Magnetic Fields

Several studies have demonstrated that magnetic field exposure has the ability to alter the
development of biological organisms. The use of permanent magnetic fields has shown
promising results in the treatment of canine osteoarthritis [74]. The transected knees of
mature mongrel canines were exposed to magnetic fields ranging from 0.5mT to 20mT,
depending upon whether the animal was sitting or standing on the mattress placed in their
cage. After an exposure period of 12 weeks there were significant improvements in
histological reports of the osteoarthritic knee. The immunohistochemical results of the
osteoarthritic knee were the same as in the normal knee after the magnetic therapy,
indicating a restoration of normal protein expression in the cartilage tissue. Exposing sea
urchin embryos to a 30mT static magnetic field caused significant developmental
changes. In terms of cellular development, there was a notable increase in the length of
time between cell divisions. During the development of the organism, magnetic field

exposure promoted birth defects such as exogastrulation and collapsed embryos [75].

Several studies have been performed on cell cultures exposed to static magnetic fields.
After exposing F. culmorum cultures to a 300mT magnetic field for one week, the cell
walls were shrivelled, possessed disorganized organelles in the cytoplasm and had an
increase in the amount of vacuoles and lipid bodies. In addition, the exposure reduced the
concentration of proteins within the cell, inhibited germination and exposed cells were
unable to use calcium from their intracellular stores [76]. Lymphocytes exposed to a 6mT
static magnetic field, for up to five days, also experienced several changes. Their shape
changed from rounded to an irregularly elongated morphology. They also experienced a
decreased apoptotic rate accompanied by an increase in intracellular calcium
concentration [77]. Contrastingly, when Hep G2 cells were exposed to a 6mT magnetic

field for twenty-four hours, they changed from a flat polyhedric shape to a round
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morphology with lamellar microvilli. As well, these cells experienced a transient increase
in calcium concentration, accompanied by an increase in apoptosis. Following removal
from the magnetic field, these effects on cell morphology and apoptosis remained for

more than an hour [78].

This phenomenon regarding intracellular calcium has been examined in several other
studies. Exposing U937 monocytic cells to a 6mT magnetic field revealed that rather than
calcium being released from the intracellular stores of the endoplasmic reticulum, the
calcium influx occurred through the cell membrane from the extracellular environment
[79]. This magnetic field induced change occurred in less than 100 seconds. Calcium
plays an important role in the reorganization of cytoskeletal elements, initiation of
apoptosis, and as a mediator of intracellular signalling [78]. It is thought that magnetic
fields have a general effect on the molecular structure of excitable membranes.
Morphological and structural changes to cell membrane will interfere with the function of
ion channels [80]. Exposing a cellulose membrane to a 240mT magnetic field enhanced
the rate of ion transport. Interestingly, the transport rate did not return to initial levels
after being removed from the field [81]. It is suggested that static magnetic fields may
have stabilized a hydration layer on the cellulose surface reducing the electrostatic

attraction to ions [82].

Other studies indicated that static magnetic fields alter cell membranes because of the
diamagnetic properties of membrane phospholipids. Experiments using 123mT magnetic
fields were able to inhibit the potentials created in presynaptic membranes of nerve cells
after 50 seconds of exposure [83]. Once the magnetic fields were removed, the nerve
cells required 135 seconds to recover normal functionality. These time requirements
comply with a slow reorientation of diamagnetic molecular domains within the
membrane following exposure to a magnetic field. Similar effects were observed on the
kinetics of voltage activated sodium channels in GH3 cells when placed in a 125mT
magnetic field [84]. In a homogeneous magnetic field diamagnetic anisotropic molecules
will reorient towards a minimum free energy state if the magnetic anisotropic energy

exceeds the thermal energy of the system [85]. In biological membranes these
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diamagnetic molecules are highly organized. Hence the anisotropies can be summed,
allowing for this orientation to occur at lower magnetic field strengths [84]. This
reorientation of the membrane is capable of distorting imbedded ion channels to alter

their function [86].
2.3.3. Exposure to Electromagnetic Fields

2.3.3.1. Exposure to Pulsed Electric Fields

Pulsed electrical stimulation (PES) has shown promising results in the treatment of
osteoarthritis. PES 1is delivered through surface electrodes placed on the skin of the
patient. In one study, a group of patients requiring total knee arthroplasty were treated
with the BioniCare Stimulator System, 8.5 hours per day for the duration of an entire
year. Interestingly, 62% of patients treated with PES were able to defer surgery for four
years, as compared to only 7% of patients in the control group [12]. As a result of this
study, PES is a potential non-invasive treatment for patients. Another study exposed
osteoarthritic knees to a 100Hz pulsed electric field delivered at night for a four week
duration. Results indicated improvements in knee pain, function, knee flexion and
duration of morning stiffness. Specifically, the duration of morning stiffness was reduced
by at least fifteen minutes in 47% of the exposed patients, while in only 25% of the
control patients. Similarly, the flexion of the knee improved by at least five degrees in
45% of the exposed patients, while in only 18% of the control patients [11]. These
improvements in patients with osteoarthritis can partially be explained with the following
animal study. When PES treatments were applied to defects in rabbit knee cartilage, the
repair tissue more resembled hyaline than fibrous cartilage. Closer examination revealed
that PES exposure increased chondrocyte proliferation as well as glycosaminoglycan and
type II collagen synthesis [87]. A potential drawback of PES treatments is that 24% to
31% of patients received mild skin reactions to the electrode gel used to improve

electrode contact with the skin [11].

The effect of PES on chondrocyte behaviour has also been investigated. Wang et al [88]

exposed bovine chondrocytes to a capacitively coupled sinusoidal electric field. Their
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intent was to determine optimal electric field parameters of duty cycle, stimulus duration,
field amplitude and frequency for the production of proteoglycan and type II collagen.
Production of proteoglycans by chondrocytes was optimized with a 10mV/cm, 60kHz,
50% duty cycle electric field. At these settings, proteoglycan synthesis was increased
eight-fold after a 0.5 hour treatment. Interestingly, the maximal production did not occur
until 3.5 hours after removal from the electric field. In terms of type II collagen
production, the optimal electric field parameters were found to be a 20mV/cm, 60Hz,
8.3% duty cycle signal. Use of these settings increased type II collagen production five-
fold following a 0.5 hour treatment. Similar to the case with proteoglycans, the maximal
production of collagen did not occur until 5.5 hours after removal from the electric field.
Unlike proteoglycan production, there was not a progressive increase in collagen
production with successive exposure repetitions. The rate of collagen production
remained constant at that set by the initial application. These promising results on
chondrocyte metabolism enforce the development of PES as a technique to positively

affect cartilage metabolism in patients with osteoarthritis.

Lastly, the effect of pulsed electrical stimulation on cell physiology and function has been
investigated with other cell types. Exposing HT-1080 tumour cells to a 20V/cm electric
field pulsed at 0.05Hz, caused ecither the resonance or cancellation of nicotinamide
adenine dinucleotide (NAD(P)H) oscillations naturally occurring in the cell, depending if
the two signals were in or out of phase. NAD(P)H is important for catabolic and
biosynthetic reactions as well as intracellular signal transduction. During NAD(P)H
resonance, enhanced proteolytic activity is linked to the metastatic potential of tumour
cells. In addition, metabolic resonance increased the production of oxygen radicals,
leading to deoxyribonucleic acid (DNA) damage after as little as five minutes of
exposure. Since the electric field threshold for behavioural response was only 1mV/cm it

is possible that environmental electric fields could also influence cell physiology [89].
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2.3.3.2. Exposure to Pulsed Magnetic Fields

Pulsed magnetic field exposure has been used clinically since 1977 to treat non-union
bone fractures. Bassett [8,90] developed a system using quasi-rectangular, 0.3msec
magnetic pulses applied to patients facing amputation. After a treatment of 10hrs/day to
12hrs/day for an average of 5.5months, there was an overall success rate of 77% in the

healing of these fractures.

This technique had several benefits over other healing alternatives, such as direct
electrode implantation used in PES. Pulsed magnetic field exposure, referred to from now
on as PEMF, doesn’t require surgical procedures to install and remove the electrodes [13]
because it is completely non-invasive. Whenever surgical procedures are used there is
always the risk of infection [13] occurring at the site of electrode implantation. In
addition, electrodes are subject to corrosion and electrolysis [15] while implanted,
causing possible complications. PEMF uses wire coils placed around the outside of the
target area to generate a time-varying magnetic field. Hence the site of tissue stimulation
is not limited [14] while using PEMF treatments, as it is with direct electrode
implantations. As a result, treatments using PEMF exposure are preferred over direct

electrode implantation.

Further investigation into this phenomenon on bone healing looked at the exposure of
osteoblasts and osteoclasts to electromagnetic field exposure. Osteoblasts have been
exposed to quasi-rectangular waveforms of varying magnetic field strength (0.1mT to
7mT), pulse width (0.15msec to 1.3msec), and repetition frequency (15Hz to 75Hz).
These studies all reported an increased rate of osteoblast proliferation as a result of the
PEMF exposure [91-93]. Rats were exposed to quasi-rectangular magnetic fields for
8hrs/day for thirty days. The magnetic field strength had a range of 0.4mTgms to
0.8mTgrums, with a pulse width of 0.3msec, repeated at a frequency of 7.5Hz. Results
indicated preventative effects on trabecular bone loss [94]. Further investigation exposed
rat bone marrow cells for seven days. Using the same temporal characteristics in a quasi-

rectangular waveform revealed that PEMF exposure had varied inhibitory effects on the
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recruitment of osteoclast cells depending upon the magnetic field strength (0.13mTygys to

0.32mTrums) and the duration of the exposure period (0.5hrs/day to 8hrs/day) [95].

PEMF exposure has also been used clinically to treat osteoarthritis. This is a more recent
application than that of the bone healing systems. These osteoarthritis systems use a
quasi-rectangular or otherwise pulsating waveform with a range of magnetic field
strength (0.04mT to 2.5mT), pulse width (0.25msec to 80msec) and duty cycle (15% to
80%) delivered using a unique pulse train system [22,96-99]. These techniques are based
upon the knowledge of electric fields induced within the tissue of interest. The
characteristics of these induced electric fields are designed to mimic the “streaming
potentials” that naturally occur when cartilage is compressed. It is believed that these
“streaming potentials” stimulate the repair mechanisms of chondrocytes within cartilage
tissue [96]. These clinical trials exposed patient’s knees, affected with osteoarthritis, to
PEMFs for session durations lasting up to thirty minutes per day for as many as eighty-
four sessions. The general consensus from these clinical treatments was that PEMF
exposure reduced the severity of symptoms up to 36% when compared to non-treatment.
The criteria for these tests were based on knee pain and stiffness, and the effect on active

daily living. [22,96-99]

Clinical trials using a treatment known as PST have been performed on over 100,000
patients in Europe, the USA and Canada [10]. PST generally uses a quasi-rectangular
waveform with a magnetic field strength of 1.25mT, frequencies from 1Hz to 30Hz, and
duty cycles greater than 50% [9,10] for the treatment of osteoarthritis. After exposure for
lhr/day for nine days, 73% of patients responded positively to PST, based upon a 20%
improvement in the Lequesne Knee Arthritis Index, severity of pain, and difficulties in
performing daily activities [9]. Following treatment in the deteriorative cytokine IL-1B,
exposing cultured chondrocytes to three hours of PST per day restored proteoglycan

production and cellular structures [100,101].

Several animal studies have investigated the effects of PEMF exposure on cartilage.

Hartley guinea pigs were monitored according to the morphology of cartilage following
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exposure to PEMFs. One study used a ramping magnetic field of 0.1mTpex, a pulse width
of 30msec, and a repetition frequency of 1.5Hz [102]; another study used a magnetic field
strength of 1.6mT, a pulse width of 1.3msec, and a repetition frequency of 75Hz [103].
The animals were exposed for 1hr/day for six months and 6hrs/day for three months, in
each of the studies respectively. In both studies, examination of the cartilage revealed that
PEMF treatment preserved the morphology of articular cartilage, reversed the
development of osteoarthritic lesions, and increased the thickness of cartilage [102,103].
Rats were exposed to a ramp magnetic field of 1.6mTpex, with a 4.5msec pulse burst
repeated at 15Hz, for 8hrs/day for eight days. The exposure increased the content of
proteoglycan and type Il collagen in the cartilage matrix [104].

A multitude of experiments have also been performed exposing in vitro cultured
chondrocytes to a range of PEMF characteristics. These studies analyzed various
parameters such as serum concentration, coil orientation, and magnetic field strength on
the resulting behaviour of chondrocytes. One study exposed chondrocytes to a magnetic
field strength of 2.3mT with a pulse duration of 1.3msec at a 75Hz repetition rate. The
results of the experiments demonstrated that an increase in cellular proliferation in
response to eighteen hours PEMF exposure required the presence of 10% serum in the
dish [105]. Hence, growth factors are important to PEMF stimulation. Another
experiment exposed chondrocytes to a quasi-rectangular magnetic field of 3.5mTpeax With
a pulse duration of 0.38msec at a 72Hz repetition rate [106]. These results demonstrated
that chondrocyte proliferation in medium containing 3% serum could be decreased after
six days of PEMF exposure if the coil orientation was changed from horizontal to
vertical. As a result, the presence of electromagnetic vectors in the plane of cell adhesion
affected the rate of cellular proliferation. Studies have also demonstrated that up to forty-
eight hours of PEMF exposure can increase the rate of proteoglycan synthesis in cultured
chondrocytes. These studies utilized a pulsating waveform with varying magnetic field
strength (0.2mT to 1.5mT), pulse duration (0.2msec to 1.3msec) and repetition rate (15Hz
to 75Hz) [107,108]. PEMF exposure also enhanced chondrogenic differentiation and

phenotypic maturation. When chondrocytes are grown in a monolayer they typically
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adopt properties of fibroblasts. However, exposure to PEMFs preserved their typical

round morphology and synthesis of type II collagen [108,109].

Other cell types such as keratinocytes [110], fibroblasts [111] and rat bone marrow
(RBM) [112] have been exposed to PEMFs. When keratinocytes were exposed to a
2mTgrys sinusoidal magnetic field at S0Hz for ninety-six hours, there was increased
proliferation and expression of actin at apical sites of the cell membrane [110]. When
fibroblasts were exposed to a ramping magnetic field of 1.88mTpek With a pulse duration
of 1.34msec at a 50Hz repetition rate, there was significant clustering of intramembrane
proteins after two hours compared to the control cultures [111]. Hence PEMFs have the
ability to modify morphology and cytoskeletal elements. PEMF also has the ability to
affect the adhesion of RBM cells. Exposure of RBM cells to a 0.5mTpp sinusoidal
magnetic field at 1000Hz, caused the detachment of pre-attached cells after four days, as
well as prevented the attachment of cells not pre-attached. As the cells detached from the
dish they changed from a stellate to a spherical morphology [112].

Most researchers believe that electromagnetic fields are able to alter cellular behaviour
through interactions at the cell membrane. The cell membrane serves as the gateway to
the cell interior. The biological membrane is a phospholipid bilayer that acts as an
electrical insulator. Since the conductance of the cell membrane is five orders of
magnitude less than either the extracellular medium or the cytoplasm low frequency
electric fields do not penetrate into the interior of cells [113]. Instead the electric field is
converted into a surface membrane current [114]. On the other hand, low frequency
magnetic fields are unattenuated by cell membranes. However, since cell dimensions are
small the induced electric fields within the cytoplasm are also small [115]. Tenforde
[113] states that by regarding the cell as a dielectric shell surrounding a spherical
conductor, there is an amplification of the extracellular electric field density across the
membrane according to the factor 1.5R/d, where R is the cell radius and d is the
membrane thickness. If the average chondrocyte radius is 25pum [18] and membrane
thickness is 5nm [113] then the amplification factor is approximately 7500. Although

there is an amplification of the electric field across the membrane, electrical noise makes
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it difficult to achieve a sufficient signal-to-noise ratio (SNR). The sources of this noise
are Johnson-Nyquist thermally-generated electrical noise, ion current flows, shot noise,
and endogenous biological background fields [113]. In fact the minimum induced electric
field strength within the extracellular medium ranges between ImV/cm and 10mV/cm,
depending upon cell geometry, in order to achieve unity SNR across the membrane [116].
As a result, the induced electric fields from the majority of therapeutic devices using
electromagnetic fields are too small to directly depolarize cell membranes [9,117]. The
generation of an electric field by a time-varying magnetic field is also very inefficient in

regards to energy transfer [118].

Instead the effectiveness of electromagnetic field exposure relies upon signal
amplification by transmembrane receptors [117]. A possible signal transmission pathway
at the cell membrane begins with the modulation of calcium binding at the cell surface by
electromagnetic fields. This signal is transmitted along strands of receptor proteins. It
becomes amplified since one receptor strand can activate many molecules of G protein to
stimulate or inhibit ATP [119,120]. Through these signal transduction pathways of
enzymatic amplification, electromagnetic stimuli can elicit a cellular response. This
methodology of transmembrane receptors depends upon the ability of electromagnetic
fields to interact with ions at charged interfaces. It is believed that there are combinations
of amplitude and frequency of the electromagnetic field that can invoke the optimal

cellular response [114].
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2.4. Theory of Ion Resonance

According to the electrochemical information transfer hypothesis, low level
electromagnetic fields interact with cell membranes by enhancing the binding rate of ions
with enzymes and receptors [121,122]. There are several models that attempt to explain
how electromagnetic fields interact with the flux of ions across biological membranes.
These models include theories of ion cyclotron resonance, ion parametric resonance, and
ion-molecular orbital procession [123]. In fact the theory of ion parametric resonance
[124,125] can be considered an expansion of ion cyclotron resonance [126,127] in
transmembrane channels. These two models will be explained in detail since they form

the basis of further experimentation performed in this thesis.

Ion cyclotron resonance requires specific magnitudes of parallel AC and DC magnetic
fields operating at a specific frequency in order to invoke the resonance of a particular ion
in a transmembrane channel. This theory is derived from the knowledge that ions are
weakly bound within a protein molecule. The resulting complex is a charged oscillator
that vibrates at the frequency of thermal motion. When this complex is placed within a
static magnetic field a Lorentz force is exerted on the moving ion charge. The Zeeman
effect occurs and these oscillations will degenerate into two oscillation frequencies. The
difference between these frequencies is known as the cyclotron resonance frequency f and
is predicted by equation 2-1. As long as the AC magnetic field is at the resonant
frequency the ion will gain energy as it moves in circular orbits. [118,123,126,127,128,]
Collisions between ions will dampen the energy gain on the target ion. Resonant effects
will not occur unless the effective collision frequency is smaller than the frequency of the

applied field [129].

98¢
f= 2-1
m2mn @D
Where g/m is the charge to mass ratio of the target ion and Bpc is the magnitude of the

DC magnetic field, and # 1s the frequency index
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There is an operating window to which an ion in a transmembrane channel will resonate
when placed in an electromagnetic field. This operating window is specified by the
frequency index n. An ion will be in resonance when the frequency index of the applied

electromagnetic field is within 10% of an integer value [130].

Different interpretations of equation 2-1 will affect the calculated resonant frequency for
the ion complex. Often researchers are unsure of the proper g/m ratio for the target ion.
Since there is a high probability that the ions will be hydrated, m should include the mass
of the attached water molecules [118]. However, in the theory of ion parametric

resonance, an unhydrated ionic state is assumed [130].

Ion parametric resonance further specifies the parameters of the electromagnetic field by
creating a resonance dependence on the magnitude of the applied AC and DC magnetic
field. Lednev [124,125] stated that the ratio of the AC and DC magnetic field magnitudes
will affect the transition probability p of an ion from an excited vibrational state
frequency to the ground state frequency [118,123] and hence the occurrence of a resonant
event. This work was revised by Blackman et. al [130,131] into the relation shown in
equation 2-2. Different from the original Lednev formulation, their equation introduced a

(-1)" term and a factor of 2 in the B4¢/Bpc ratio.

p=K +(=1)'K,J, (2nBAC !/ Bpe) (2-2)
Where K; and K are constants, J,, is the nth order Jacobian, B¢ is the peak-to-peak
magnitude of the AC magnetic field, and Bpc is the magnitude of the DC magnetic field

Divalent ions are more likely to cause a biological effect since they have a longer lifetime
than monovalent ions [128]. For resonance to occur the residence time of the ion in the
excited vibrational state must be at least as long as the period of the applied AC magnetic

field. [118,123,128]

There exists some controversy over the use of equation 2-2 which relates to whether

peak-to-peak (PP), peak, or root-mean-square (RMS) values should be used for the AC
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magnetic field. Although this formula is designed for peak-to-peak values of the AC
magnetic field, its validity has been compromised by some studies using improper

measurements [131].

Several studies have investigated the resonance of biologically important ions in
transmembrane channels during exposure to electromagnetic fields [132,133,134].
Exposing a cell membrane to an AC magnetic field of 26T,k and a DC magnetic field
of 37uT for thirty minutes, Barueus [132] found that ion flux deviated at frequencies of
21Hz, 24Hz, and 31Hz, corresponding to the resonant settings for Mn®*, Ca?*, and Mn®*
respectively. Expanding to single cell organisms, Smith [133] demonstrated the enhanced
mobility of diatoms when exposed to an electromagnetic field calibrated for calcium ion
resonance. Characteristics of the resonant electromagnetic field were equal AC and DC
magnetic field components of 20.9uT at a frequency of 16Hz and 48Hz. In relation to the
work of this thesis, Grande [134] exposed bovine chondrocytes to a resonant
electromagnetic field for twenty-four hours to seventy-two hours. Monitoring
proteoglycan synthesis, resonant conditions were found at an AC magnetic field of
40uTpp and frequency of 16Hz when the DC magnetic field was set to 40.8uT, 20.9uT
and 12.7uT, corresponding to K, Ca®, and Mg”" respectively. Although a slightly
different q/m ratio was used between Barueus [132] and Grande [134], these experiments
indicate that the resonance of ions in transmembrane channels can be predicted by

equation 2-1 and has the ability to alter cellular behaviour.
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Chapter 3

3. Effect of PEMF Exposure on Chondrocyte Morphology

This chapter describes a preliminary study performed by the laboratory on the effect of
PEMF exposure on chondrocyte morphology. The experiments demonstrated that under
certain PEMF conditions, exposure could invoke a change in chondrocyte morphology.
The experimental protocol was performed on in vitro cultured human chondrocytes in a
controlled laboratory environment. The material of this chapter was published in the

Journal of Medical and Biological Engineering and Computing [135].

3.1. Objectives

The primary objective of these experiments was to investigate the effect of specific

PEMFs on chondrocyte morphology.

The secondary objective of these experiments was to determine whether the initial
morphological state of the chondrocytes would affect their morphological response to

PEMF exposure.

3.2. Materials and Methods

3.2.1. Chondrocyte Culture

Cartilage samples were removed from femoral condyles obtained from patients
undergoing total knee replacement surgery. The cartilage was minced into lmm’ pieces
and subsequently digested in a Img/ml collagenase 1a (Sigma) solution for six hours with
shaking. The resulting chondrocytes were plated and allowed to reach confluence in
chondrocyte growth medium (CGM, Cambrex) where they were incubated at 37°C in a
humidified incubator containing 5% CO,. These cells were analyzed for the presence of
chondrocytic markers including collagen II and aggrecan by immunofluorescence. Prior
to applying the PEMF treatment, chondrocytes were trypsinized and reseeded at the
desired density (100,000 cells / 30mm dish) after which they were incubated for either
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one hour or twenty-four hours. From the same batch of cultured chondrocytes, both a

control and experimental dish were created for each experimental trial.

3.2.2. Experimental Setup

The experimental and control dishes were placed in a coil set (figure 3-1) at the location
specified by the experimental trial (table 3-1). Depending upon the experimental
conditions, either a small coil (4.25cm radius, 120turns) or large coil (6.5cm radius, 230
turns) was required to create desired magnitude of magnetic and electric fields. The coil
set was positioned inside a humidified incubator at a temperature of 37°C containing 5%
CO,. A current was applied to the coil set containing the experimental dish to generate
the desired PEMF. The control dish was incubated under identical conditions, but without

a current applied to the coil set; hence no PEMF exposure.

Top Coil

A

I:t 1 cm

3cem 3cm
i‘ " Petri Dish - l Plexiglas Stand
e
3cm

Bottom Coil

X — Depends on coil size
Small Coil: X =4.25 cm
Large Coil: X=6.5cm
D- Location of dish center is dependant upon experimental trial

Figure 3-1: Placement of cultured human chondrocytes in the coil set.

This study was performed in two parts. In part one, the culture dishes were incubated for
twenty-four hours to allow the cells to attach to the surface of the culture dish prior to
PEMF exposure. As seen in figure 3-4, the cells initially possessed either a stellate or
spindle morphology with extended processes. Six experimental trials (A-F), outlined in
table 3-1, were performed to investigate the effects of specific electromagnetic fields on
chondrocyte morphology. The general range of magnetic fields and frequencies used in
these trials was based upon literature discussed in chapter 2. In conjunction with the

placement of the culture dish within the coil set, experimental conditions were obtained
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that tested combinations of relatively high, medium, or low magnetic and electric field
strengths. Since the magnetic and electric fields are not uniform across the radius of the
coil (figure 3-2), the placement of the culture dish can alter the experimental conditions.
In all the experimental trials, a ramp magnetic field (figure 3-3) was applied to the
cultured chondrocytes. A ramp magnetic field has been used by other studies, as reviewed

in chapter 2, and induces DC electric fields on the surface of the culture dish.

Magnetic Field in Plane of Dish (mTpeak)

Y-axis (m)

0 001 002 003 004
X-axis (m)

(@)

Electric Field in Plane of Dish (mV/cm)

0.04 -003 -0.02 -0.01 0 001 002 003 004
X-axis {m)

(®)
Figure 3-2: Theoretical models of the (a) magnetic and (b) electric fields in the plane of
the dish, taken at the midpoint separation distance between the small coil pair, for a

3.14mTyeax, 100HZ exposure
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Figure 3-3: Example of ramp magnetic field used in experimental trials

Part two existed as a follow-up to the findings of part one. In part two, the cells were
incubated for one hour prior to PEMF exposure, depriving them of sufficient attachment
time. As seen in figure 3-6, these cells initially possessed a spherical morphology with
retracted processes. Part two consisted of a single trial (G), outlined in table 3-1, that
induced a morphological change in the chondrocytes for part one. Its purpose was to
determine whether the initial morphological state of the cells would affect their

morphological response to PEMF exposure.

The cultured chondrocytes were exposed to the PEMF for six hours. Using a Leica DMR
light microscope, light micrographs at the center of both the control and experimental
dish were taken before and at one hour intervals for the duration of the experiment.
Images were captured and analyzed using ImagelJ software and changes in cell
morphology and surface contact area to the culture dish were determined. Due to
mechanical restraints, the microscope lens was limited to a 2mm x 2mm viewing area in
the middle of the culture dish, with each picture possessing an area of Imm x 1mm. The
exception is figure 3-5b which has an area of 2mm x 2mm. Analysis of figure 3-2 reveals
that the maximal magnetic and electric field variability between pictures of the same
experimental trial is less than 4% and small compared to the variability between

experimental trials.
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Trial | Distance from | Frequency | Magnetic Field | Electric Field at | Outcome
Coil Center (cm) (Hz) (mT pear) Dish (mV/cm) | vs. Control

PART ONE

A 0.25 100 3.14 0.0039 Affected
B* 1.50 100 5.42 0.0407 No Effect
C 0.25 500 1.69 0.0106 Affected
D 2.25 500 0.74 0.0449 No Effect
E 0.25 370 0.85 0.0039 No Effect
F* 1.50 10 5.42 0.0041 No Effect
PART TWO

G |0.25 | 100 | 3.14 | 0.0039 | Affected

* Used small coil size except for in trials B and F (used large coil in these cases)
Table 3-1: PEMF settings and results for part one and part two trials performed on

cultured human chondrocytes

3.3. Results

The cultured human chondrocytes were assessed for changes in their characteristic
morphology after exposure to the seven PEMF conditions. The outcome of these trials is
summarized in table 3-1. Changes in chondrocyte morphology, as compared to control
cultures, were only induced in experimental trials A, C, & G. Quantification of the
change in chondrocyte morphology during these three experimental trials is summarized

in table 3-2.

In part one of this study, the chondrocytes were allowed to attach to the surface of a
culture dish for twenty-four hours prior to PEMF exposure. Comparison of the control
culture before (figure 3-4a) and after (figure 3-4b) a six hour period does not show a
significant change in chondrocyte morphology. In both control pictures, the chondrocytes
possess a mixture of stellate and spindle morphologies with extended processes since
they were firmly attached to the surface of the dish. Less than 5% of the cells possessed a

spherical morphology in the control cultures.
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(a) (b)
Figure 3-4: Microscope images of chondrocytes in part one control dish (no PEMF) taken
(a) before and (b) after a six hour period. There is no significant change in the shape of
the chondrocytes. The circled chondrocytes in both pictures possess a stellate or spindle

morphology with extended processes.

In the two successful PEMF trials (A and C), a larger proportion of chondrocytes took on
a spherical shape without extended processes. In trial A, approximately 35% of the
chondrocytes adopted the spherical morphology (figure 3-5a). In addition, there was a
22% reduction in the number of cells present on the pre/post microscope images
suggesting that as the cells adopted a spherical morphology, they detached from the
surface of the dish and some were lost in the final count. In trial C, initially 73% of the
cells possessed a stellate morphology, while 27% were spindle and 5% were spherical.
After a three hour exposure period in trial C, approximately 30% of the cells were
stellate, 38% were spindle and 32% were spherical in morphology (figure 3-5b).
Although the chondrocytes of trial A were exposed to PEMF for six hours, the
chondrocytes of trial C were exposed for only three hours since significant results were
observed within the shorter time period. Overall, there was a significant shift in

chondrocyte morphology from stellate to spherical.

The remaining four PEMF conditions in part one (trials B,D,E&F) did not significantly

affect chondrocyte morphology when compared to the control cultures.

38



(b)
Figure 3-5: Microscope images of chondrocytes in experimental dish (PEMF exposure)
for (a) experimental trial A taken after a six hour period and (b) experimental trial C
taken after a three hour period. There is a significant change in the shape of the
chondrocytes from stellate with extended processes to spherical with retracted processes.

The circled chondrocytes in both pictures possess a spherical morphology.

In part two of this study, chondrocytes were allowed to attach to the surface of a culture
dish for only one hour prior to PEMF exposure. Experimental results previously
confirmed that these PEMF conditions could alter the morphology of chondrocytes.
Referring to the control dish used in part two (figure 3-6a), initially 40% of the cells
possessed a stellate morphology, 4% were spindle and 56% were spherical. After six
hours in the control incubator, the cells continued to attach to the dish and 80% of the

cells possessed a stellate morphology, 12% were spindle and 8% were spherical (figure 3-
6b).

For the experimental culture of trial G, initially 48% of the cells possessed a stellate
morphology, 7% were spindle and 45% were spherical. After six hours of PEMF
exposure, 7% of the cells possessed a stellate morphology, 14% were spindle and 79%
were spherical (figure 3-7). This morphological change was opposite to that observed in
the control culture; yet this change to a spherical chondrocyte morphology was observed

when using the same PEMF exposure settings as experimental trial A.
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(a) (b)
Figure 3-6: Microscope images of chondrocytes in part two control dish (no PEMF) taken
(a) before and (b) after a six hour period. The chondrocytes continue to normally attach to
the surface of the culture dish during this period. The circled chondrocytes in (a) possess
a spherical morphology with retracted processes and in (b) possess a stellate morphology

with extended processes.

Figure 3-7: Microscope images of chondrocytes in experimental dish (PEMF exposure)
for experimental trial G taken after a six hour period. The circled chondrocytes retain

their spherical morphology with retracted processes.
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Cell Morphology
Trial Spherical | Spindle | Stellate
PART ONE
Control 5% n/a n/a
A
Post 35% n/a n/a
C
Pre 5% 27% 68%
Post 32% 38% 30%
PART TWO
Control
Pre 56% 4% 40%
Post 8% 12% 80%
G
Pre 45% 7% 48%
Post 79% 14% 7%

Table 3-2: Morphological assessment of cultured human chondrocytes exposed to PEMFs

The chondrocytes were also analysed for their change in surface contact area with the
culture dish. The amount of surface contact area between the culture dish and the
chondrocyte was measured according to the area of the cell in the captured microscope
images. The results are recorded in table 3-3. In regards to cell morphology, the stellate
cell morphology possessed the largest contact area. Consequently, the spherical cell
morphology possessed the smallest contact area that was on average 58% smaller than the

stellate morphology.

In trial C, comparison of the pre and post cell measurements indicated that the amount of
surface contact by the chondrocyte decreased due to PEMF exposure. Overall, there was
a 30% reduction in the average surface contact area of the cells to the culture dish. This
overall reduction in contact area is large because there was a significant change from a
stellate to spindle morphology. However, the average surface contact area for a particular
characteristic cell morphology (stellate, spindle or spherical) was still reduced by 16%

due to PEMF exposure.

In part two, both the control and experimental cultures were analysed for their change in

average surface contact area with the culture dish. For the control culture, the overall
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surface contact area by the chondrocytes quadrupled during the six hour period, while the
average contact area for a particular characteristic cell morphology doubled. For trial G,
in agreement with experimental trial C, the overall surface contact area by the
chondrocytes decreased by 30%, while the surface contact area for a particular

characteristic cell morphology decreased by 16%.

Change in Surface Contact Area
Trial Overall | Particular Morphology
PART ONE
C -30% -16%
PART TWO
Control 214% 90%
G -30% -16%

Table 3-3: Change in surface contact area with a culture dish for cultured human

chondrocytes exposed to PEMFs

3.4. Discussion

There are three characteristic morphologies that a cell usually displays: stellate, spindle or
spherical. When a cell modifies its shape it is believed that the progression is linear
passing from spherical to spindle to stellate. This process is also believed to be reversible
[136]. The experimental findings of parts one and two provided preliminary evidence
that, at specific conditions, PEMF exposure caused a change in the morphology of
chondrocytes. Whether the initial morphology was stellate, spindle or spherical, PEMF
exposure caused a change in morphology that followed a predictable path of stellate to

spindle to spherical morphology.

Chondrocytes were exposed to both magnetic and electric fields for the duration of the
experimental protocol. In the above experiments, PEMF exposure was able to alter
chondrocyte morphology with magnetic field strength and frequency settings of
1.7mTpeak at SOOHz and 3.ImTpex at 100Hz. Other combinations of magnetic field
strength and frequency were unable to alter chondrocyte shape. The exposure time in trial
C was only half that of trial A, yet similar results were obtained. Although the magnetic

field strength was reduced in trial C as compared to trial A, the frequency was increased
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respectively. The frequency of the ramping PEMF signal will alter the strength of the
induced electric field. Additional experiments are required to dissect out the individual
effects of frequency, electric field strength and magnetic field strength on chondrocyte
morphology.

The electric field strengths induced in this study ranged from approximately 0.005mV/cm
to 0.05mV/cm. As outlined by Tenforde [113], if the average chondrocyte radius is 25um
[18] and membrane thickness is Snm [113] then the amplification factor of the
environmental electric field across the cell membrane is approximately 7500. As a result,
the electric fields in this study can create a voltage drop of approximately 18.75nV to
187.5nV across the cell membrane. To put this into perspective, the change in membrane
potential produced by the opening of a single ion channel is approximately 0.3uV [137].
In fact, a minimum electric field of 0.1mV/cm is required to achieve unity SNR [113]. As
is the case with other therapeutic devices, the induced electric fields are considerably
weaker than the levels required to depolarize cell membranes [9,117]. These experimental
results did not provide conclusive evidence that the electric field component of PEMF

exposure was affecting chondrocyte morphology.

A similar change in cell morphology was also observed by Blumenthal et al [112] after
exposing rat bone marrow cells to a sinusoidal magnetic field with an AC strength of
0.5mTpp, a DC strength of 0.25mT and a frequency of 1000Hz. Four days of exposure
caused the detachment of pre-attached cells as well as prevented the attachment of cells
not pre-attached. As the cells detached from the surface of the dish they changed from a
stellate to a spherical morphology.

Ions such as calcium play an important role in regulating cell shape. Calcium is
responsible for regulating changes in the actin filament meshwork that is present in the
cytoplasm of chondrocytes [138]. According to the experimental results, cultured
chondrocytes responded only to specific electromagnetic fields. Hence ions in
transmembrane channels corresponding to cytoskeleton structure may be experiencing

resonance, thereby causing the change to a spherical morphology.
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Tang [139] outlined a model in which the chondrocyte will be deformed due to the
presence of an electromagnetic field. From the electromagnetic modeling of a Helmholtz
coil, the electric field induced by PEMF is non-uniform across the radius of the coil.
Hence the electro-osmotic velocity under the induced electric field inside the chondrocyte
will vary with the radial location. This will create a heterogeneous convection current
affecting the potential distribution inside the chondrocyte. The overall effect will generate

a mechanical stress, deforming the chondrocyte due to its flexible cell membrane.

Alternatively, the change in chondrocyte morphology may be a behavioural response to
being placed in a particular environment. During PEMF exposure, this change in
morphology was accompanied by a reduction in the average surface contact area of the
chondrocyte to the culture dish. The largest decrease in area was observed when the cells
modified their morphology from stellate to spindle to spherical; although decreases in
area were still evident when the cells maintained their initial morphological classification.
It is possible that PEMF exposure is harmful to chondrocytes and they respond by
retracting their processes; thereby minimizing contact with the external environment. On
the other hand, chondrocytes may favour the PEMF environment. In order for cells to
enter mitosis, they must adopt a spherical morphology. Unfortunately, at the present time
this study can not determine if the chondrocytes favour the PEMF environment. In this
situation, the PEMF exposure is not directly affecting morphology but rather is the

secondary effect of a behavioural response.
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Chapter 4

4. Electromagnetic Modelling

This chapter discusses the modelling of the electromagnetic field produced by a pair of
wire coils. In each of the models, the case of a single coil is presented, followed by the
expansion to a coil pair. The first model is of the on-axis magnetic field produced at the
midpoint between a coil pair. Although this situation is useful for the preliminary
selection of electromagnetic parameters in the programmable PEMF generation system,
its functionality is quite limited. As a result, the model is expanded to include an area of
interest off the main axis of the coil. This allows the calculation of the magnetic field at
all points within the spatial void of the coil pair. Lastly, the electric field induced by a

ramping magnetic field is modelled for both the on-axis and off-axis cases.

4.1. On-Axis Magnetic Field Produced at the Midpoint Between a
Coil Pair

Figure 4-1: A single coil carrying current I, with specified on-axis point P

The simplest magnetic field model for a wire coil pair is one that provides the magnetic

field strength at the midpoint between the coils. This fundamental model is very useful in
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electromagnetic applications. The following derivation for the on-axis magnetic field

produced at the midpoint between a coil pair is adapted from Cheng [140].

As shown in figure 4-1, the magnetic field at the on-axis point P from a single loop of

wire of radius r, can be calculated according to the Biot-Savart Law (equation 4-1).

B:£§dl><3R
4+ R
(4-1)
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C4my () 4md (24N

where p = 4n * 107

The circular wire possesses cylindrical symmetry. Therefore the a, component of
equation 4-1 is cancelled due to the element located diametrically opposite to dl.
Assuming an average radius of r, an approximation can be made for a wire coil with N
turns. The resulting magnetic field can be approximated as the magnetic field from a
single-turn coil, of average radius r, multiplied by turn factor N. It is also assumed that
the coil has an infinitely small thickness so all the coil turns are located on the same
horizontal plane. This horizontal plane is located in the middle of the coil. The result is
the on-axis magnetic field strength for a single wire coil (equation 4-2). In reality, the
radius of the coil will vary slightly depending upon the selected coil turn and the
horizontal location of the turn within in the coil will also vary depending upon the coil

thickness.
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Figure 4-2: A coil pair carrying current I, with specified on-axis point P

This single coil model can be extended to a coil pair separated by distance zsp. As shown
in figure 4-2, the midpoint between the coils at which the magnetic field is to be
calculated corresponds to a vertical distance of z.p/2 from the bottom and top coil. This
location is desired because during laboratory studies a chondrocyte culture dish will be
placed at this location and exposed to electromagnetic fields. Theoretically, the resulting
magnetic field at the midpoint between a coil pair is twice the magnetic field produced
from a single coil. The on-axis magnetic field midpoint between a coil pair of N turns is

thus modeled by equation 4-3.

B HIN I (4-3)

Experimental validation showed that the magnetic field was less than doubled when
moving from the single coil to coil pair situation. In fact, experimental results

demonstrated an 85% increase in the measured magnetic field. This discrepancy can be
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explained by both theoretical and experimental errors. Theoretically, the current applied
to this model did not incorporate effects of self and mutual coil inductance. Self
inductance increases the coil impedance with the frequency of the current waveform.
Mutual inductance is the ability for a changing current flow through one coil to induce a
voltage in a neighbouring coil. Since the measured magnetic field was less than expected,
self and mutual inductance reduced the effective current flow through the coil set. As
previously mentioned, this model also makes assumptions regarding the coil dimensions,
which will degrade the accuracy of the resulting magnetic field. In terms of experimental
errors, the two coils may not be exactly aligned, as specified in the model. A slightly
different alignment of the coils will affect the resulting magnetic field. As well the use of
the magnetic field sensor will affect the experimental validation. The placement of the
sensor within the coil set, although versatile, will have some variability compared to
theoretical calculations. Lastly, although its sensitivity is pre-specified, the calibration of
the sensor may deviate depending upon its integration with external circuits and the
ambient temperature. All of these above factors contribute to the discrepancy between

theoretical and experimentally measured magnetic fields.
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4.2. Off-Axis Magnetic Field Produced by Two Coils

The previously described on-axis magnetic field model, though useful in its simplicity
does have its limitations. The model output is only valid for locations along the center
axis of the coil pair. A more robust model, as developed by Smythe [141] calculates the
magnetic field strength at all locations within the coil set. As with the previous model,
this model assumes that a coil of N turns has an average radius of r, of which all coil
turns are located on the same horizontal plane in the middle of the coil. In addition, this
model assumes that current flow is known and effects of inductance, due to waveform

frequency, are incorporated into the effective current strength.

The development of a magnetic field model encompassing the entire void between a pair
of wire coils requires the use of the magnetic vector potential for a single coil (equation
4-4). As previously noted, the number of turns in each coil will increase the magnetic

field strength by a factor of N, corresponding to the number of turns in each coil.

A gl

ar IR 4

C

As shown in figure 4-3, the circular loop possesses symmetry in the cylindrical
coordinate system. Hence the magnetic field at P is independent of the angle @ at P. For
convenience P was aligned with the x-axis (@ = 0). Source element dl acts in the ag
direction but for computational simplifications will be defined in the Cartesian coordinate

system (equation 4-5).

dl =(-a sing+a, cos@)rdg 4-5)
Examination of figure 4-3 shows that each source element dl at ® has another
symmetrically located element across the x-axis at -®. When these symmetrical elements

are paired they provide an equal contribution to the a, direction but cancel the

contribution to the a, direction.
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Figure 4-3: Off-axis magnetic field modeling of a single coil

Furthermore R can be defined using the law of cosines as the vector from point P to

source element dI (equation 4-6).

R=(z2+r*+ p* = 2rpcosg)” (4-6)

Thus at any location P, the vector potential from a single turn of wire as shown in figure

4-2 can be computed (equation 4-7).

Aca ,uIN]E rcos¢@ 4-7)

= d
Yo (P +pt 2 —2rpcosp)’

In order to compute the integral component of the magnetic vector potential several

substitutions are required. Using the following algebraic substitutions, ¢ =7 +26 and

cos¢ = 2sin* @ —1, prepares the magnetic vector potential for expression with elliptical

integrals (equation 4-8). As previously mentioned, the magnetic field is independent of

®, due to symmetry in the cylindrical polar coordinates. Therefore, since the exact value
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of @, is not required, 6 can be introduced for algebraic purposes. It is not a directly

measurable quantity and as a result does not appear in figure 4-3.

_ uNeTF (2sin* 6 -1)
A_aw T [( 2 2 2 2 nih
o L[r+p) +z° —4rpsin” 0]

do (4-8)

Formulas for complete elliptical integrals of the 1% and 2™ kind are provided as equations
4-9a, and 4-9b respectively. Notice that these equations are integrated over predefined
limits for 8, therefore removing this variable from the resulting model. Elliptical integrals
are beneficial to the computation of equation 4-8 since they are built into many kinds of

mathematical software as easy to use functions.

r/2 /2
Kh)= [ -—2 @90 E(k)= [VI-Ksin’6d0  (4-9)
1-k*sin® @
0 0
2 4rp
where k° = —————  (4-10)
(r+p) +z

Smythe [141] provides the solution to the vector magnetic potential using complete

elliptical integrals (equation 4-11).

_ N[ VU K .
A=a, (pﬂ[l > Jl((k) E(k)} (4-11)

The magnetic field is defined as the curl of the vector magnetic potential (equation 4-12).
B=VxA (4-12)

Computation of equation 4-12 in cylindrical coordinates yields the following magnetic

field components (equation 4-13).
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Hence the resulting magnetic field possesses only a radial, B,, and vertical, B,,

component.

Smythe completes the differentiation of equations 4-13, using four differentiation
identities (equations 4-14). After the substitution of k (equation 4-10), the model for the

magnetic field produced from a single wire loop is obtained (equations 4-15).

aK__E__K E_E K
dk  k(1-k*) Kk’ dk  k k
, . (4-14)
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dz  4rp’ dp 2p 4p 4r
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Equations 4-15 can be extended to the case of a coil pair separated by a distance zgp, as

shown in figure 4-4.
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Figure 4-4: Off-axis magnetic field modeling of a coil pair

The magnetic field produced at location P by coil 1 and coil 2 can be computed by
applying equation 4-15 to the arrangement of figure 4-4. When computing the magnetic
field intensity at a location P between the coil pair, the resulting magnetic field is the
vector sum of the magnetic field produced by each coil (equation 4-16). Notice that z, has

negative intensity since we are investigating a region below coil 2.

ztotal 71 22
Application of equation 4-16 demonstrates the uniformity of the magnetic field
throughout a vertical plane of the coil set. In this modeling situation, a coil pair of radius
6.5cm, 230turns, and separation of 7.5cm was delivered a current of 0.48Apcax.
Theoretically, the magnetic field across this vertical plane is represented in figure 4-5. An
analysis of the field uniformity covered a spatial void in the middle in the coil set large
enough to allow the stacking of three culture dishes. The area ranged from x = -0.02m to
X = 0.02m, and z = -0.0135m to z = 0.0175m. Referring to a vertical slice at x = Om, the
magnetic field strength varied by 1.4%. Further from the middle of the coil set, along the
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vertical slice at x = 0.02m the magnetic field strength varied by 4%. These theoretical
values were also validated experimentally. Actual measured magnetic fields
demonstrated a variability of 1.4% and 3.2% along vertical slices at x = Om and x =
0.02m respectively. The uniformity of the magnetic field was also assessed along
horizontal slices. Both theoretical and experimental analyses demonstrate improved
uniformity across horizontal slices. Theoretically, the variability in the magnetic field was
0.9% across horizontal slices in the area of interest for the coil set; experimentally, this
value was 0.7%.

Vertical Cross Section of Magnetic Field Between a Coil Pair (nTpeak)

Z-axis (m)

X-axis (m)

Figure 4-5: Theoretical magnetic field strength throughout a vertical plane of a coil pair.
In this modelling situation, a coil pair of radius 6.5cm, 230turns, and separation of 7.5cm

was delivered a current of 0.48Acak

In the above modeling situation, the variability of the magnetic field across a culture dish
placed in the middle of the coil set was less than 1%. However, the uniformity of the
magnetic field degraded significantly beyond the radius of a culture dish. For instance, if
a vertical slice were obtained at x = 0.04m, theoretically the variability in the magnetic
field increased to 18%; experimental results demonstrated 11.7%. This degradation in
magnetic field uniformity also translated to horizontal slices across the void of the coil
set. If the length of a horizontal slice was increased to x = +0.04m, theoretically the
variability in the magnetic field increases to 6.2%; experimental results demonstrated

4.5%.
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In an experimental lab setting, a chondrocyte culture dish will be placed in a horizontal
plane midpoint to the coil pair, since the magnetic field is most uniform at this location.
In order to understand the exposure conditions it is vital to model the magnetic field
across this horizontal plane. Hence, z; = -z, = z,,/2 allowing for several simplifications
to equations 4-16. Since By1 = -B,2, the resultant magnetic field in the a, direction is
cancelled. The only remaining magnetic field is in the a, direction. Since B,; = B,3, the
resultant magnetic field in the a, direction is twice that produced by a single coil. Hence,
a model that determines the magnetic field strength across a horizontal plane midpoint to

a coil pair has been developed (equation 4-17).

2

B, =28, =a ‘Y ! P (5 /2)
total z

’ 4 [(I"+p)2 +(Zsep/2)2]% ke ("'—p)2 + (Zsep/2)2 E (4_17)

Application of equation 4-17 is demonstrated in figure 3-2a. In this modeling situation, a
coil pair of radius 4.25cm, 120turns, and separation of 6.25cm was delivered a current of
1.81Apeak- The magnetic field in the horizontal plane located midpoint to the coil pair is
thus represented by figure 3-2a. Theoretical modeling shows that the magnetic field
strength decreases in a radial fashion from a maximum value of 3.1mT, in the center of
the coil to approximately 1.3mTpek at x = 0.0425m corresponding to the edge of the coil
set. Experimental validation demonstrated that actual magnetic field strengths were less
than theoretical values. As previously discussed, this discrepancy in experimental and
actual values could be due to a variety of factors in both the theoretical modelling and
experimental validation. However despite these shortcomings, the radial decrease in
magnetic field strength, as predicted by theoretical modeling, was confirmed in

experimental validation.
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4.3. Electric Field Induced by On-Axis Magnetic Field Model

The magnetic field employed in the PEMF studies is a time-varying ramp signal. This
type of magnetic field will produce a constant electric field. There will only be points of
discontinuity during the interval in which the magnetic field ramp is being reset. To solve
for the electric field induced by a time-varying magnetic field use the integral form of

Faraday’s Law. (equation 4-18)
d
$E-di=——[B-ds (4-18)
C dt S

In the case of using the on-axis magnetic field model, it is assumed for the electric field

calculation that the magnetic field is uniform across the entire radius of the coil. As
previously noted, = is a constant due to a linearly changing magnetic field. Therefore
t

the induced electric field strength 1s also constant. To determine the direction of the
electric field use the right-hand rule. From this convention, if the magnetic field is
oriented along the positive z-axis, the electric field will form concentric circles directed
clockwise in the x-y plane. The induced electric field has a constant magnitude around a
circle of specified radius. Using this knowledge, equation 4-18 can be rearranged to the
give the magnitude of the electric field induced from a ramp magnetic field. (equation 4-
19)

(4-19)

For each experimental protocol, the maximum magnetic field strength and pulse width of
the waveform should be specified. Hence, a more practical calculation of the electric field

is given in equation 4-20.

B, ImT )X radius[m] y 1fm]

ElV /em)=
2 X Pulse Width{msec] 100[cm]

(4-20)
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4.4. Electric Field Induced by Off-Axis Magnetic Field Model

Faraday’s Law can also be used to solve for the induced electric field as determined from
the off-axis magnetic field model. Contrary to the previous technique, it is not assumed
that the magnetic field is constant across the x-y plane. As a result, this technique is more
computationally intensive, however provides a more accurate representation of the
induced electric fields. The following model computes the induced electric field in the x-

y plane at the midpoint of the coil pair.

In the off-axis magnetic field modeling, the magnetic field strength was not uniform
across the radius of the coil; it varied with p. As a result, an integration of the magnetic
field must be performed using the results from the off-axis magnetic field model
(equation 4-17). Using this knowledge, the induced electric field strength can be specified

according to equation 4-21.

p
_[ B ot dr

Efield = 0 4-21
fie p X Pulse Width ( )

This electric field model was simulated using a coil pair of radius 4.25cm, producing a
ramp magnetic field of 3.1mTyex at a frequency of 100Hz. The induced electric field at
the plane midpoint to the coil set is shown in figure 3-2b. The electric field lines formed
concentric circles around the central axis of the coil pair. Theoretically, the electric field
strength was zero at the center of the coil and increased to a maximum of 0.048mV/cm at
the edge of the coil. Unfortunately, experimental validation could not be performed on
the electric field model. Since the induced electric fields are extremely small, insufficient

SNR corrupted measurements by an electric field sensor.
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Chapter 5

5. System Design

This chapter describes the design of a programmable PEMF generation system. This
system will become a useful tool in future experiments exposing cultured chondrocytes to
PEMFs. This system will allow the user to customize both the magnitude and timing
aspects of the magnetic field, by specifying the AC and DC magnetic field strength, pulse
width, duty cycle and pulse train of the ramp waveform. The operating range of this
system is based upon a literature review of therapeutic devices using PEMF exposure for
bone fractures and osteoarthritis, and experiments exposing in vitro cultured
chondrocytes to PEMFs. As a result, this system has several requirements. It must be
easy to configure the PEMF settings into the system, and it must produce a reliable output
magnetic field according to these settings. The system should also be configurable over a
range of PEMF settings appropriate for exposing cultured chondrocytes. Lastly, the
system should be designed in a modular fashion to allow for the implementation of future

improvements and recommendations.

5.1. Literature Review

Establishment of the operating range for the programmable PEMF generation system was
based upon existing therapeutic devices using PEMF exposure for bone fractures and
osteoarthritis, as well as experiments exposing in vitro chondrocytes to PEMFs. One bone
healing system (EBI) uses a ramping AC magnetic field of 1.25mTpp, a DC magnetic
field of 0.75mT, a pulse width of 0.23msec, a 7% duty cycle, and a pulse train containing
seven ramp pulses. In regards to the treatment of osteoarthritis, PST has demonstrated
therapeutic success using a quasi-rectangular magnetic field waveform of 1.25mT. PST
uses a frequency range of 1Hz to 30Hz with a duty cycle greater than 50% [10];
corresponding to pulse width of 16.5ms to 1000ms. PEMF conditions that reduce the
symptoms of osteoarthritis are not limited to the above settings. Clinical trials have been
reported in literature using a quasi-rectangular or otherwise pulsating waveform with a

wide parameter range for pulse width (0.25msec to 80msec), AC magnetic field
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magnitude (0.04mT to 2.5mT) and duty cycle (15% to 80%). These clinical trials also
reported the use of trains up to 20 pulses to deliver the electromagnetic signal

[22,96,98,99].

Various animal studies have examined cartilage after exposure to ramp magnetic fields
with reported improvements in morphology and expression of proteoglycan and type II
collagen. [102-104]. These studies utilized AC magnetic field magnitudes from 0.1mT to
1.6mT, pulse widths from 1.3msec to 30msec, and duty cycles from 5% to 10%.

Many researchers have exposed in vitro cultured chondrocytes to a PEMF with reported
changes in matrix synthesis and cell proliferation [105-108]. These in vitro cultured
chondrocytes were exposed to either quasi-rectangular or otherwise pulsating
electromagnetic fields with a wide range of pulse width (0.2msec to 1.3msec), AC
magnetic field magnitude (0.2mT to 3.5mT) and duty cycle (3% to 68%). The
electromagnetic parameters from this literature review established the operating range of

the programmable PEMF generation system.
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5.2. System Overview

The programmable PEMF generation system has been designed to generate a ramp
magnetic field over a range of settings appropriate for the exposure of cultured
chondrocytes. The ramping AC magnetic field strength ranges from 0.5mTpp to 2.5mTpp.
The user can add a DC magnetic field bias ranging from OmT to 1.25mT. The width of a
single ramp pulse can range from Imsec to 35msec. The waveform can either be a
continuous pulse train with 100% duty cycle, or be divided into packets ranging from 1 to
25 pulses with 10% to 95% duty cycle. A ramp magnetic field was chosen because it was
used by a bone healing system (EBI), as well as several animal studies exposing cartilage
to PEMFs.

Programmable
Waveform _| Coil Driver| | Coil Set
Generator | (Current) | | (PEMF)
(Voltage)

Figure 5-1: Block diagram of the programmable PEMF generation system

The generation of the PEMF signal requires three main modules: a programmable
waveform generator, a coil driver and a coil set. A block diagram of this system is shown
in figure 5-1. Each of these modules provides a vital role to the generation of the desired
pulsed electromagnetic field and their design will be explained throughout this chapter.
The programmable waveform generator requires both hardware and software design
strategies to produce the initial voltage signal. This voltage signal is converted into a high
output current by the coil driver. Delivering this current through the coil set will produce

the user-specified PEMF.
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5.3. Coil Set

This chapter provides justification for the coil set that best achieved the desired range of
electromagnetic fields. The coil sets were evaluated for their current to magnetic field
ratio, spatial uniformity and ability for their current flow to maintain a ramp waveform
across the operational pulse width range of the programmable PEMF generation system.
In the laboratory, there were two sizes of coils readily available for use with the
programmable PEMF generation system (figure 5-2). These two coil sets, referred to as
small and large, possess the following characteristics. The small coil set has an average
radius of 4.25cm, 120 turns of 22 gauge copper wire, a measured resistance of 2.3€2, and
inductance of 2.15mH. The large coil set has an average radius of 6.5cm, 230 turns of 22
gauge copper wire, a measured resistance of 5.602, and inductance of 13.3mH. In terms of
dimensions, the large coil set is practical for the exposure of human limbs to
electromagnetic fields. However, the small coil set is still sufficiently large for the
exposure of culture dishes to an electromagnetic field. As will be explained, the small

coil set was selected for use in the programmable PEMF generation system.

5.3.1. Magnetic Field Limitation

A vital component of choosing a coil set is determining its maximum magnetic field and
spatial uniformity. The maximum magnetic field that can be produced by each coil set is
restricted by two external factors. These two factors are the separation distance between
the coil pair and the maximum current that can be delivered to each coil. As shown in
equation 4-3, the magnetic field is also affected by the coil radius and number of coil
turns. However, these are physical properties of the coil that can not be changed after

fabrication.

The coil separation distance is regulated by a custom made Plexiglas stand. This stand
supports a single culture dish at the mid-vertical distance between the coils. The
separation distance for a coil set that will provide the most uniform magnetic field across
the spatial void is specified as the coil radius; this special case defines a Helmholtz coil.
The Plexiglas stand provides a separation distance of 6.25cm; just less than the

Helmholtz separation for the large coil. Although this distance is larger than optimal for
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the small coil set, as shown in figure 5-3, a relatively uniform magnetic field can still be
achieved. Also, a larger separation distance allows easier access to the culture dish when

it is positioned on the Plexiglas stand.
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——p
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LI;. .:Il: 0.5 cm
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X — Depends on coil size
Small Coil: X =425 cm
Large Coil: X = 6.5 cm

Figure 5-2: Arrangement of the coil set with the culture dish

The maximum current that can be delivered to each coil is 1.5Agrwms; restricted by the
3 Arus rating of the external power supply used for the coil driver. The larger the current
that is delivered to the coil set the larger the power consumption. To prevent excessive
coil heating, power consumption by the coil set will be limited to 1.5 Wryms. This rating
was based upon the output characteristics of the EBI Bone Healing System. As a result,
this power consumption corresponds to a maximum current rating of 1.4A. and
0.9Apcak, for the small and large coil sets respectively, when a ramp signal is applied.
Previous experimental investigations have demonstrated that excessive coil heating
occurs at power consumptions larger than 6Wgms. The heat released by the coils
undesirably warms the culture dish placed in the coil set. As a result, the culture medium
temperature increases from the incubated temperature of 37°C; thereby killing the cell

culture.

Using the limited power consumption and equation 4-3, the maximum magnetic field that
can be achieved by the small and large coil sets is 2.6mTpp and 2.9mTpp respectively. As
a result, both coil sizes can produce the magnetic field strength required by the
programmable PEMF generation system. However, the large coil set requires less current

to achieve the same magnetic field strength as the small coil set.
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Figure 5-3: Magnetic field in the plane of the culture dish for the (a) small and (b) large

coil set

Limiting to the operating range of the programmable PEMF generation system, a
2.5mTpp magnetic field can be modeled in MATLAB using equation 4-17. Generation of
this magnetic field using the small or large coil set requires a current of 1.35App or
0.77App respectively. The output of this simulation, shown in figure 5-3, demonstrated
the uniformity of the magnetic field in the plane of the culture dish for the two sizes of
coil set. As predicted, the magnetic field strength was less uniform for the small coil than

the large coil. The magnetic field strength was strongest at the center of the coil set and
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decreased at an increased radial location. Limiting to a 1.5 cm radius in the center of the
coil, corresponding to the radius of the culture dish, the magnetic field strength decreased

by 5% in the small coil set but remained constant for the large coil set.

5.3.2. Simulation of Current Flow through a Coil Set

According to the analysis performed so far, it would appear that the large coil set is the
better choice since it can generate the required magnetic field strength with a reduced
current demand. However the large coil has a greater inductance than the small coil.
Inductance will reduce the maximum rate of current change possible through the coil as

well as increase the impedance of the coil set.

In order to evaluate the waveform performance of the coil sets, the output characteristics
of the coil driver are required. Although the coil driver will be fully explained in chapter
5-4, for the purposes of this simulation, it is necessary to know the output resistance (12
and 4Q) and capacitance (0.22puF) that is associated with the driver circuit. A PSPICE
simulation was created, according to the schematic of figure 5-4, to assess the transient
behaviour of the coil set connected to the coil driver. As a result, the effect of coil
inductance on the ability of the coil current to match the desired ramp waveform was
assessed at the minimum and maximum pulse width settings of the programmable PEMF

generation system.
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Figure 5-4: Circuit model of the coil driver connected to a coil set

The stimulation voltage for this circuit was a ramp waveform of variable pulse width. The
magnitude of this voltage was selected so that if the effect of inductance were ignored,
the current through the coil set would establish a 1App ramp signal. This corresponds to a

stimulation voltage of 6.3Vpp and 9.6Vpp, for the small and large coil set respectively.
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Simulations were performed using pulse widths of Imsec and 35msec to represent the
operating limits of the programmable PEMF generation system. As will be discussed in
chapter 5-5, a reset time corresponding to 5% of the ramp time is required for the
programmable waveform generator to initialize for the next ramp signal. Incorporation of
this reset time into the simulation results in a waveform period of 1.05msec and

36.75msec, for pulse widths of 1msec and 35msec respectively.

Simulations were first performed using the maximum pulse width of 35msec for the
small and large coil set. Large pulse widths correspond to a low operating frequency,
which in turn minimizes the effect of inductance on circuit impedance. Large pulse
widths also provide more time for the current to flow through the coil, as to not be
restricted by the coil inductance. As shown in figure 5-5, the current flow through both
the small and large coil set was able to maintain the overall ramp waveform. For the
small coil set, the current established an effective ramp signal of approximately
960mApp; for the large coil set, the current established an effective ramp signal of
approximately 854mApp. Ideally, if coil inductance was not affecting impedance, the
ramp signal would have a strength of 1App. In terms of waveform period, both coil sets
exhibited a time of 36.75msec. However, for the small coil set, the effective reset time
was 8% of the ramp time; for the large coil set, the effective reset time was 17% of the
ramp time. Compared to the ideal values, the performance of the small coil set was better
than the large coil set at a pulse width of 35msec. Yet, the performance of the large coil

set was still acceptable.
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Figure 5-5: Coil simulation using a 35msec ramp pulse width for (a) the small coil and

(b) the large coil

Simulations were also performed using the minimum operating pulse width of 1msec for
the small and large coil set. Small pulse widths correspond to a high operating frequency.
Due to the inductance of the coil, the effective impedance of the small coil increased to
13.7Q2 and the large coil to 83.7Q). This increase in impedance reduces the coil current
and the resulting magnetic field strength that can be achieved by the coil set. Using a
short pulse width also reduces the allotted time for the current to ramp and reset in the
coil, increasing the likelihood of restriction by the coil inductance. As shown in figure 5-
6, the performance of both the small and large coil set was reduced when using a 1msec
pulse width. This effect was most evident in the large coil simulation since the current

was unable to maintain the ramp waveform. The allotted reset time for the coil current
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was too short, causing the development of a staircase waveform rather than a ramp
waveform. The effective magnitude of this staircase waveform was 147.5mApp, with a
reset time of 48%. On the other hand, the effect of coil inductance was reduced in the
small coil simulation, but still evident. The small coil set was able to maintain the overall
ramp waveform, but with a reduced magnitude. The current through the small coil

established an effective ramp signal of approximately 349mApp, with a reset time of 63%.
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Figure 5-6: Coil simulation using a Imsec ramp pulse width for (a) the small coil and (b)

the large coil
From these simulations, it is evident that the small coil set exhibits better timing

performance than the large coil set. For this reason, the small coil will be selected over

the large coil for use in the programmable PEMF generation system. The small coil can
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maintain current flow as a ramp waveform over the operational pulse width of the
proposed system. Although the altered ramp-reset ratio of the current signal can not be
accommodated for, the effect of reduced ramp amplitude at small pulse widths can be

accommodated for by scaling the magnitude of the output current to the coil set.

In summary, the coil set chosen for the programmable PEMF generation system had an
average radius of 4.25cm, containing 120 turns of 22 gauge copper wire wrapped around
a high density plastic spool. When this coil set is connected to the PEMF generating
system, it will produce ramping magnetic fields ranging in strength from 0.5mTpp to
2.5mTpp. Although the performance of this coil set does degrade at shorter pulse widths,
it was the best choice of the two available coil sets. Testing of the programmable PEMF
generation system in chapter 6, indicated that for the small coil set, coil inductance

significantly decreased the performance of the system at pulse widths less than Smsec.
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5.4. Coil Driver

The coil driver converts the output voltage signal from the programmable waveform
generator into a current that can be used by the coil set. As a result, the current flow
through the coil set will resemble the voltage signal produced by the programmable
waveform generator. The coil driver consists of two sections: the power management
module and the voltage-to-current conversion circuit. The power management module
produces the supply rails required for the cooling fan and high current operational
amplifiers. The voltage-to-current conversion circuit converts the voltage signal from the
programmable waveform generator into a high output current for the coil set. Schematics

for this coil driver circuit can be found in appendix A.

Figure 5-7: The coil driver

Shown in figure 5-7, the coil driver has not been enclosed in a case to maximize heat
dispersion from the components. However, the onboard power management module is
enclosed by an aluminum casing to shield the analog conversion circuitry from its

electromagnetic interference. The coil driver measures approximately 6" x 10" x 2".
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5.4.1. Power Management Module

The onboard power management module is designed to produce the required +12V and
+5V supply rails for the coil driver, as outlined by figure 5-8. Fuses have been
incorporated into the +12V supply rails to prevent overloading of the circuit beyond
maximum specifications. Visual confirmation that the =12V supply rails are active is
provided by two light emitting diodes (LEDs). An external power supply is used to
provide an input voltage, in the range of +8V to +15V, to this module. The power cable
used to connect the external supply to the coil driver is filtered using large capacitors to
remove electromagnetic interference from the external environment. As will be discussed
in chapter 5-7, the maximum current demand for the coil driver is approximately

1.77Arwms. This requirement is satisfied by the 3 Arms rating of the external power supply.
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Figure 5-8: Overview of the coil driver power management module

The £12V supply rail is required for the power operational amplifiers in the voltage-to-

current conversion circuit. Unfortunately the selected +12V regulator (PT6674, Texas
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Instruments) and -12V regulator (PT6643, Texas Instruments) do not have a common
input voltage range. Therefore an additional +5V supply rail provides the input voltage to
the +12V regulator. This +5V supply rail also powers the cooling fan for the conversion

circuit.

The +5V supply rail is produced using a low-dropout voltage regulator (KA278R51,
Fairchild Semiconductor). High current capability is required for this regulator because it
serves as the supply rail to the +12V regulator. As a result, it sources up to 2Arms of
current for the coil set. The operation of this regulator requires large capacitors to filter

the input and output supply rail.

Since the voltage-to-current conversion circuit, needs to produce up to 0.78 Agms of
current per coil, proper air flow across the heat sinks and resistors are required to prevent
overheating. Unfortunately, this fan produces high frequency noise on the +5V supply
rail which could be coupled onto the analog input signal of the coil driver. For this
reason, a low-pass inductor-capacitor filter (LC), with a cut-off frequency of 300kHz, is

used to condition the +5V supply rail used by the fan.

The power management module uses Integrated Switching Regulators to produce the
+12V (PT6674, Texas Instruments) and -12V (PT6643, Texas Instruments) supply rails
from a positive input voltage. These integrated regulators only require input and output
supply rail capacitors to stabilize operation. These regulators are also capable of sourcing
2Arms of current, at an efficiency of 85%. When the programmable PEMF generation
system is configured for the maximum ramp magnetic field of 2.5mTpp, each coil
consumes a current of 1.35App. Since total current consumption of the coil set is split

between the £12V supply rails, regulator output current is only 0.78 Arys per rail.

During the implementation of this power management module, the 12V onboard
regulators did not perform to specifications. Fortunately, a bypass system was
incorporated into the design, as shown in figure 5-8, using jumpers to select whether the
+12V supply rails are sourced from the onboard regulators or from the external supply.

As a result, the =12V supply rail can be delivered directly from an external power supply.
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5.4.2. Voltage-to-Current Conversion

The voltage-to-current conversion circuit converts the input voltage signal from the
programmable waveform generator into an output current that can be used by the coil set
to generate a magnetic field. There are two channels on the conversion circuit, each with

the same design, to power the two coils.

This design is based on the use of a power operational amplifier (LM675, National
Semiconductor). Although there are several power amplifiers available, the chosen device
must be compatible with a maximum operating current of 1.35App, a peak output voltage
of 8.5V and minimum ramp pulse width of 1msec. The power operational amplifier also
has thermal protection circuitry to power-down the integrated circuit (IC) while die

temperatures exceed the designated limits.
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Figure 5-9: Overview of the coil driver voltage-to-current conversion circuit

To prevent extremely high die temperatures requires the use of a heat sink. Under the
maximum output conditions, power consumption by the power operational amplifiers is
approximately 12W. For this design, a horizontal mounted heat sink, compatible with the
TO-220 packaging of the LM675, was chosen with a thermal resistivity of 9°C/W. A
cooling fan is positioned to provide air circulation across the fins of the heat sink. As
well, the other resistive components of this conversion circuit are positioned on the

printed circuit board to take advantage of the air circulation provided by the cooling fan.
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The +12V supply rails are filtered prior to their use by the power operational amplifiers.
A large and small capacitor is used in parallel for each supply pin to filter out low and

high frequency interference respectively.

The voltage-to-current conversion circuit, shown in figure 5-9, uses both negative and
positive feedback. The use of negative feedback produces an inverting amplifier with ten
times gain. Amplification of the input voltage signal is necessary to develop large output
currents for the coil set. The use of positive feedback adds hysteresis to the circuit for
improved noise immunity. Positive feedback can also improve the response time of the
voltage-to-current conversion circuit and its effectiveness with rapidly changing input

signals.

The output pin of the power operational amplifier is provided with start-up surge
protection. When an input signal is first applied to the voltage-to-current conversion
circuit, start-up transients could exist on the output pin. Allowing a resistor-capacitor
arrangement to quickly charge and discharge will remove these transients and stabilize

the resulting signal on the output pin.

The final component of the voltage-to-current conversion circuit is the establishment of a
large output current for the coil set, as predicted by equation 5-1. Illustrated in figure 5-4,
the total output resistance is the series addition of the onboard 4 resistor and the
connected coil set resistance of 2.3Q); therefore Ry, = 6.3Q. Lastly, the output voltage can
be related to the input voltage according to the theoretical gain of the inverting amplifier

circuit.

:—;—"E’Lzlﬁ[A/V]xVin (5-1)

out

I

out

Application of the above equation to the operating conditions of the programmable

PEMF generation system yields the following requirements for the input voltage signal.
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According to equation 4-3 the theoretical output current delivered to the coil set ranges
from 0.27App to 1.35App, for an AC magnetic field of 0.5mTpp and 2.5mTpp respectively.
Relating to equation 5-1, this corresponds to a theoretical input voltage range of 169mVpp
to 844mVpp respectively. As a result, a theoretical relationship between the input voltage

and magnetic field is determined as in equation 5-2.

V,, =337.6{mV / mT X Magnetic Field (5-2)

As will be discussed in chapter 5-8, preliminary testing of the coil driver connected to the
coil set yielded a different relationship between the input voltage and output magnetic
field. The relation of equation 5-3 was experimentally obtained and will be used as the

basis for the design of the programmable waveform generator.

V, =181.6[mV / mT'1x Magnetic Field (5-3)

Equation 5-3 implies that an AC magnetic field range of 0.5mTpp to 2.5mTpp requires an

input voltage range of 91mVypp to 454mVpp to the coil driver.
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5.5. Programmable Waveform Generator

The design of the programmable waveform generator to create the user-specified signal

involved both hardware and firmware strategies.

Figure 5-10: The programmable waveform generator

5.5.1. Hardware

The programmable waveform generator consists of six main modules to regulate
characteristics of the voltage signal representative of the user-specified magnetic
waveform. These modules are the universal serial bus (USB) interface, power regulation,
microcontroller, AC signal generation, DC signal generation, and dual channel voltage
output. A block diagram of this system is represented in figure 5-11. Schematics for all of
the circuits comprising the programmable waveform generator can be found in appendix
B. The programmable waveform generator is contained within a plastic case measuring
3.25" x 4.38" x 1.5", shown in figure 5-10, modified to allow LEDs, push buttons,

switches and connection ports to be externally accessed.

Computer
A
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USB <« Microcontroller bC S'gr.]al
Interface T Generation
Power AC Signal Dual Channel L o
Regulation Generation Voltage Output -+ To Coil Driver Circuit

Figure 5-11: Block diagram of the programmable waveform generator
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5.5.1.1. USB Interface

Communication using the USB was chosen because it is a common interface with
computers. A USB-UART converter IC (FT232R, FTDI) translates the information sent
and received between an external computer and the microcontroller onboard the
programmable waveform generator. As a result, the user can easily program their desired
PEMF characteristics into the programmable waveform generator. As a safety feature, an
LED is used to indicate when communication is present on the USB port, so the system is
not unplugged during a data transfer. This USB-UART converter IC also provides a
control signal to the microcontroller indicating when the system is connected to a
computer. This allows the microcontroller to swap between program modes depending

upon the status of the USB port connection.

The USB circuit is self powered at +5V, the standard voltage of a USB port. This raw
USB port power is conditioned by an LC low-pass filter before it is used by the circuit. A
small inductor is used for noise filtering and prevention of high frequency current spikes,

while the capacitor removes the voltage spikes.

Although the FT232R itself is powered from a +5V supply, it does provide an onboard
+3.3V supply rail. When the system is connected to the USB, the rest of the
programmable waveform generator circuit can be powered by this +3.3V supply rail.
Hence, communication can exist between the FT232R and the microcontroller. The USB
port can source a maximum of 500mAgms. As will be shown by the current analysis of
chapter 5-7, the programmable waveform generator only sinks 41.8mAgms. This low
current requirement is important if the system is connected to a 4-port USB hub, whereby

the current source is reduced to 125mAgums.
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5.5.1.2. Power Regulation

The programmable waveform generator is designed for a +3.3V supply. Using a low
supply voltage reduces the power consumption of the system. The power regulation
module can be sourced by two methods; either from the USB-UART converter IC or
from an external power supply. The external power supply could either be a battery pack
or a feed from the coil driver. The latter configuration, as shown in figure 5-12, limits the
transmission of large current through cabling. As a result, the coil driver receives the
main power feed from the external supply, and delivers a low power feed to the
programmable waveform generator. In the future, a battery pack could be installed to
self-power the programmable waveform generator. Whenever a signal is delivered across
a cable, it is likely to be coupled with 60Hz noise from the surrounding environment;

therefore a capacitor is used to filter out noise at the power connection.

External
Power
Supply
l +3.3V from USB-UART
+3.3V Regulator Converter IC
Power l
» Selection
Switch

» +3.3V Supply Rail

-3.3V Regulator — -3.3V Supply Rail

Figure 5-12: Overview of programmable waveform generator power regulation
The external supply voltage is regulated to +3.3V using a linear voltage regulator

(TPS76133, Texas Instruments). This regulator can provide up to 100mAgrms of current;

sufficient for the 26.8mAgyms demand of the programmable waveform generator, when it
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1s not connected to a computer. Lastly, the output voltage noise is specified to be less
than 190pVrms. Low power supply noise is important in the design of digital circuits for
the protection of the digital components. The operation of this regulator requires a
capacitor on the input pin to filter out high frequency components that could damage the
regulator electronics. A capacitor is also required on the output pin to stabilize the

internal control loop regulating the output voltage.

The power source selection for the programmable waveform generator is performed using
a power switch (TPS2105, Texas Instruments). As shown in figure 5-12, this power
switch can choose from two input sources: the +3.3V supply from the USB-UART
converter IC or the external +3.3V regulated power supply. The system is configured to
use power from the USB port whenever it is present; otherwise the system will use the
external +3.3V supply. In case switching occurs between input signals with a large
differential, a large capacitor stabilizes the surge on the output pin. During application of
the programmable PEMF generation system, the USB port power will only be present
when the user is updating the configuration settings. When the programmable PEMF
generation system is producing an electromagnetic field, the programmable waveform
generator will not be connected to a computer, so the external +3.3V power supply is
required. Regardless of the power source used, an LED connected to the output of the

power switch visually indicates whether the +3.3V supply rail is active.

To implement the full functionality of the programmable waveform generator, a charge
pump voltage inverter (TPS60401, Texas Instruments) generates a -3.3V supply rail from
the +3.3V output of the power switch (figure 5-12). The implementation of the charge
pump principle for the voltage inversion requires three external capacitors. Although this
voltage inverter can only source 60mAgms, it is sufficient to meet the current
consumption of the programmable waveform generator. Similar to the +3.3V supply rail,

a LED provides visual confirmation that the -3.3V supply rail is active.
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5.5.1.3. Microcontroller

A microcontroller (ATmegal68V, Atmel) was used to control the functionality of the
programmable waveform generator. Outlined in figure 5-13, this microcontroller provides
a large selection of input/output (I/O) pins and onboard features to interface with external
components. These external components are the clock, microcontroller programmer,

USB-UART converter IC, and the AC and DC signal generation circuits.

Microcontroller
USART Interrupts

EEPROM Flash Memory

SRAM SPI

16-bit Timer /0 Pins

Figure 5-13: Overview of programmable waveform generator microcontroller

In terms of memory allocation, this microcontroller features 512 bytes of onboard
electrically erasable programmable read-only memory (EEPROM) to allow the user to
save configuration data, 16kbytes of flash program memory, and 1kbyte of static random

access memory (SRAM) data memory.

The microcontroller has several external interfaces to regulate its functionality. First, the
microcontroller is run by an external clock oscillator at a frequency of 3.6864MHz.
Second, the microcontroller can be programmed using the serial peripheral interface
(SPI) with an external programming module that interfaces with a computer. Rather than
being overwhelmed by instruction based code, the ATmegal68V can be programmed
using the C programming language. This system also uses external pin interrupts to

control the execution of firmware within the microcontroller.

The microcontroller also has several external interfaces to regulate other devices. The
microcontroller uses USART to interface with the USB-UART converter IC. In order to

control the AC and DC signal generation circuits, the microcontroller must control
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several digital potentiometers, a 3-to-8 multiplexer, and an analog bus switch. It also
must provide the input voltages to the AC and DC signal generation circuits. The control
of the digital potentiometers is via the SPL. The regulation of a 3-to-8 multiplexer requires
three control signals sourced from I/O pins on the microcontroller. The microcontroller
also requires an onboard 16-bit timer with pulse width modulation to control I/O pins for
the analog bus switch and input voltages to the AC and DC generation circuits. The
programmable waveform generator currently uses 18 of the 23 available 1/O pins on this
microcontroller. There are also 8 analog-to-digital converter (ADC) pins to allow for

electric or magnetic field probe interaction in future designs.

5.5.1.4. AC Signal Generation Circuit

The AC signal generation circuit produces the user-specified voltage ramp. This module
consists of two sections, as shown in figure 5-14. The first section establishes the input
voltage to the active integrator. The second section is an active integrator circuit that
produces the AC component of the ramp waveform. According to equation 5-3, if the
AC magnetic field ranges from 0.5mTpp to 2.5mTpp, the output voltage of the
programmable waveform generator must vary from 91mVpp to 454mVpp. This ramp

voltage signal must also have a selectable pulse width ranging from 1msec to 35msec.

Bus Switch

Input Signal from Voltage | | Active To

Microcontroller Follower| |Integrator DC Equalization
A

Reference Voltage

Figure 5-14: Overview of programmable waveform generator AC signal generation

circuit

The input voltage to the active integrator is regulated by the microcontroller to toggle
between OV and +2.0V in order for the system to achieve its specifications for the AC

waveform. After the establishment of this input voltage, a voltage follower isolates the
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resistance required in the active integrator. As well, this buffer protects the delicate /O

pins of microcontroller from the activity of integrator circuit.

The active integrator is designed around an operational amplifier (LMC6482, National
Semiconductor). The selected operational amplifier (op-amp) must handle, during
maximum operating conditions, an output ramp voltage of magnitude 454mVpp with a
Imsec pulse width. Hence, the op-amp only requires a 0.454V/msec slew rate to meet
charging requirements. However, as is the case with the LMC6482, a slew rate three
orders of magnitude faster will ensure the ability for a sharp reset characteristic in the

ramp signal.

The active integrator produces a linear voltage ramp, as governed by equation 5-4. The
charging characteristic of the active integrator relies upon the differential voltage applied
to its input terminals. When a negative differential voltage is applied to the input
terminals of the op-amp, the output voltage linearly increases in a positive direction for

the duration of the pulse width.

t
- Vdiﬁ”
Vout = z‘)‘ RC + Vout (O) (5_4)
where:
Vdijf = Vin - Vref

R is the effective integration resistance

C is the effective integration capacitance

In order for the programmable waveform generator to comply with the criterion for pulse
width and magnitude of the ramp waveform, a specific combination of capacitance,
resistance, and differential input voltage is required. This design uses a fixed 1pF
capacitor in the active integrator circuit because preliminary testing demonstrated a very
linear charging characteristic for the ramp output voltage. A large variable resistance
from 4kQ to 814k(2 was established for the active integrator. This range of resistance also
limits the integrator current to reduce power consumption. Using this range of resistance,

a differential input voltage of -2.0V is required to meet the AC operating characteristics
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of the programmable PEMF generation system. If the reference voltage to this integrator
is set at +2.0V, the required differential input voltage is obtained by toggling the input
signal from the microcontroller to OV during the integration period and +2.0V during the
reset period. As a result, the output voltage signal of the AC signal generation circuit will

ramp from +2.0V to +2.454V when configured for the maximum 2.5mTpp magnetic field.

In this design, resistance is the variable used to modify the charging characteristic of the
linear ramp signal. As shown in figure 5-15, to implement a selectable resistance range
from 4kQ to 814k requires two digital potentiometers and one 3-to-8 multiplexer. The
active integrator uses both a 100kQQ (MCP41100, Microchip) and 10kQ2 (MCP42010,
Microchip) potentiometer that can be programmed using the SPI. These two digital
potentiometers are implemented in series using the rheostat mode of operation to provide
up to 110kQ of variable resistance with a resolution of 39Q2. An effective way to increase
the programmable resistance of the active integrator was through the development of
selectable resistor banks. These resistor banks are selected using a 3-to-8 multiplexer
(CD4051BC, Fairchild Semiconductor). Each of the multiplexer outputs is connected to a
static resistance ranging in 100k() increments from 0Q to 700kQ. The combined
contribution from the resistor bank and the digital potentiometers allows the active
integrator circuit to achieve a resistance range of 4kQ to 814kQ with an effective
resolution of 39Q). Assuming a 100% duty cycle, if a 454mVpp ramp waveform was being
generated with a 1msec pulse width, to maintain a 10Hz frequency resolution requires a
resistance resolution of 39Q. In the event that the resistor bank and digital potentiometers
are set to a very low resistance, a fixed resistor is placed in series with the digital

potentiometers to limit the maximum current to 1mA in the active integrator.
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Figure 5-15: Overview of AC signal generation circuit resistance selection

The programmable waveform generator delivers the ramp waveform as a pulse train. To
initiate a new ramp pulse the integrator circuit uses an analog bus switch (NC7SZ66,
Fairchild Semiconductor) as the reset mechanism, placed in parallel with the integrating
capacitor. When the integrator circuit is actively producing a ramp signal the bus switch
is turned off. When the integrator circuit is in reset the bus switch is turned on, producing
a short circuit across the integrating capacitor, discharging it to the reference voltage.
When discharging a capacitor charged to 0.454V, the peak current through the bus switch

is approximately 91mA, due to the on-state resistance.

The time required for the integration circuit to reset to within 1% of the reference voltage
is 23psec. During this reset period, the resistance is the 5) resistance of the bus switch,
rather than the resistance of the resistance bank and digital potentiometers. Since the
charging periods for the capacitor range from Imsec to 30msec, the reset times are less
than 2.5% of the pulse width. Hence the resulting waveform should have a very sharp

reset characteristic.

The last component of the AC signal generation circuit is a push button interrupt to start
and stop signal generation. This push button also restarts the PEMF configuration
procedure when the system is connected to a computer, so the user can specify their
desired settings. By configuring the interrupt on the microcontroller for activation during

a rising signal edge, the firmware routine will be executed when the push button is
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released. Standard procedure with all push buttons, low pass filtering removes the high

frequency harmonics generated on the signal line.

5.5.1.5. DC Signal Generation Circuit

The DC signal generation circuit biases the previously generated AC signal to meet the
specifications of the user. It consists of two main sections as shown in figure 5-16. The
first section initializes the AC waveform so concepts of a DC bias can be applied. The

second section regulates the user-specified DC bias of the overall waveform.

DC
Equalization

Input Signal —

DC Bias — Output Signal

\i

Figure 5-16: Overview of DC signal generation circuit

The DC equalization circuit only affects AC signals that are less than 100% duty cycle. In
these situations, there will be an extended reset period in the AC signal when the ramp
waveform is not present. When the AC signal is produced by the active integrator, the
voltage increases linearly from the +2.0V reference voltage. The DC signal generation
circuit shifts the reset value of the ramp waveform to the midpoint of the AC signal. An
example of an original AC waveform with a 50% duty cycle is shown in figure 5-17a.
When the shift is performed, as shown in figure 5-17b, the ramp waveform will have a

constant DC value regardless of the duty cycle imposed to the signal.

The DC equalization module uses a summation circuit to shift the reset component of the
waveform to the midpoint of the AC signal. A pulsed DC waveform of half the AC signal
magnitude is regulated by the microcontroller’s 16-bit timer to pulse high during
waveform reset and low during waveform integration. Since the circuit must handle AC
signals with a maximum magnitude of 454mVypp, a digital potentiometer (MCP41100,
Microchip) controls the output of a voltage divider circuit to range from OmV to 300mV.
A buffer stage is required to separate the resistances of this voltage divider from the

resistances of the proceeding summation circuit. In the summation circuit, the pulsed
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rectangular waveform and the AC signal are added in equal proportions to create the
equalized signal. As to not amplify the equalized signal, the summation circuit is
designed as an inverter. Since the input signal ranged from +2.0V to +2.454V, the output
signal will range from -2.0V to -2.454V.

(b)
Figure 5-17: Comparison of (a) the original ramp waveform and (b) the DC equalized

waveform

It is now feasible to regulate the overall DC bias of the waveform, as specified by the
user. The equalized signal is delivered though a high-pass filter with a cut-off frequency
ranging from 0.67Hz to 0.74Hz. Although the cut-off frequency is dependant upon the
resistance of the digital potentiometer, the AC waveform will pass unattenuated. The
resistance component of this filter is also associated with a voltage divider circuit. The
user-specified DC bias is created using a voltage divider circuit regulated by a digital
potentiometer (MCP42010, Microchip). In previous applications, the voltage divider
circuits were restricted to OV and +3.3V supply rails; however this voltage divider circuit
uses +£3.3V supply rails. As a result, this circuit produces an output voltage ranging from
-0.344V to OV because the input waveform was previously inverted by the DC
equalization circuit, locating it on the negative supply rail. Due to specifications of the
MCP42010, the voltage divider must use additional resistors to ensure that terminal
voltages on the digital potentiometer remain positive. This bias voltage allows the DC
component of the waveform to meet the specifications of the programmable PEMF

generation system; a DC magnetic field range of OmT to 1.25mT.
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5.5.1.6. Dual Channel Voltage Output

The last module of the programmable waveform generator produces a dual channel
voltage output to be delivered to the coil driver. Immediately following the DC signal
generation circuit, the resulting ramp waveform is buffered to prevent the signal from
being altered by the proceeding circuit stages. The output from this buffer stage, located
in the negative supply rail, is sent to one channel of the coil driver. The other channel
signal is created by inverting this buffered ramp waveform. Hence, the other channel of
the coil driver is delivered a signal located in the positive supply rail. Inverted signals are
used for the two channels of the coil driver to evenly split the current requirement for the
coil set between the two supply rails. The current demands of the coil driver will be

discussed further in chapter 5-7.

When using the onboard power supplies, preliminary testing indicated that the start-up
surge current was too large for the system. Therefore, a manual switch disconnects the
signal from one of the output coils. This allows the coils to initialize separately at the start

of PEMF generation, limiting the start-up surge current.
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5.5.2. Firmware

Main Program

Initialization
|

Y Y

Connected to USB Not Connected to USB

Push Button Interrupt

Figure 5-18: Overview of main program firmware

Firmware was written for the microcontroller that provides the required functionality to
the programmable waveform generator. This firmware was written in the C programming
language. As shown in figure 5-18, the main program starts with an initialization routine
from which it branches to a subprogram based upon whether the programmable
waveform generator is connected to a USB port. Also, the main program utilizes an

interrupt routine, which is hardware activated by a push button.

5.5.2.1. Main Program Initialization

The “Main Program Initialization” routine prepares the microcontroller for its control of
the programmable waveform generator. This initialization routine disables USART
communication since the system may not be connected to a computer, and also disables
waveform generation by the system. The push button interrupt is enabled and configured
so that the detection of a rising edge will generate a request. Global constants and

variables are defined during this initialization routine for their use in any subprogram.

A delay of approximately seven seconds provides sufficient time for the USB circuit to
initialize if the programmable PEMF generation system is connected to a computer.
Based upon the control signal received by the microcontroller from the USB-UART

converter IC, the program will branch to the appropriate subprogram.
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5.5.2.2. Connected to USB Subprogram

When the microcontroller detects that the system is connected to a computer, it branches
to the “Connected to USB” subprogram, outlined in figure 5-19. This subprogram allows
the microcontroller to obtain new user settings and calculate the corresponding values for
the components of the AC and DC signal generation circuits. This subprogram consists of
four modules: EEPROM Access, USART Communication, Calculate Timer Values, and

Calculate Resistor Values.

Connected to USB

USART Communication
Initialization / Deactivation EEPROM Access
- - Load From || Save To
Display Settings Obtain New EEPROM ||EEPROM
Old || New [ | Implemented User Settings

Calculate Resistor Values

AC Field DC Field
Resistors Resistors

Calculate Timer Values

Prescaler Offtime Count

Recalculate

Pulse Width Count Pulse Width

Recalculate DC Equalization
AC & DC Field Resistors

Figure 5-19: Overview of “Connected to USB” subprogram firmware
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5.5.2.2.1.EEPROM Access Module

The “EEPROM Access” module loads and saves fifteen settings from the EEPROM. The
EEPROM is used rather than FLASH because it retains its memory after the power is
cycled. The fifteen settings stored within the EEPROM can be divided into three
categories: PEMF User Settings, Resistor Settings and Timer Settings. The specific

settings stored within each of these categories are outlined in table 5-1.

Two macros are used to read and write information on the EEPROM. Any information
that is transferred should be initialized as a global variable associated with the EEPROM.
During EEPROM access it is important that interrupts routines are disabled as to prevent

the corruption of data.

PEMF User Settings Resistor Settings Timer Settings
B Field AC Resistor AC Bank Timer Speed
B Field DC Resistor DC Bias Offtime Count
Pulse Width Resistor AC 10k Offtime Half Count
Pulse Train Resistor AC 100k Pulse Width Count
Duty Cycle Resistor DC Equalization | Pulse Width Reset Count

Table 5-1: Categorized listing of the settings stored within the EEPROM

89



5.5.2.2.2.USART Communication Module

Communication using the microcontroller USART allows the user to view the previous
PEMF settings and configure new PEMF settings using a computer keyboard and

monitor.

The USART must be initialized by the microcontroller before it can be used as a
communication module. As was the case with EEPROM access, interrupt routines should
be disabled when communicating over the USART, as to not interfere with the transfer of
information. This application with the USB-UART converter IC requires asynchronous
USART communication. The USART is configured to use an odd parity, a data length of
8 bits, 2 stop bits and a communication baud rate of 115200bits/sec. Once these
parameters have been configured, the microcontroller can enable communication across
the USART. Communication over the USART should be disabled when it is no longer
required. If the system is disconnected from a computer, the USB-UART converter IC is

not powered and voltage signals could damage its communication pins.

Upon enabling communication with a computer, the user is greeted and displayed the five
PEMF user settings that were saved in the EEPROM from previous usage of the
programmable PEMF generation system. The five PEMF user settings are listed in table
5-1.

The user has the option to reconfigure the programmable waveform generator from these
current settings. This process prompts the user to enter their desired settings in a
predetermined order. These new values are checked to ensure they are within the range of
the programmable PEMF generation system. Invalid responses are rejected and the user is
prompted to re-enter the value. If at any time the user wants to restart the configuration
process, they can do so by entering ‘r’. The range of acceptable values for the five PEMF
user settings is outlined in table 5-2. The gathering of this information from the user is
intuitive except for the Duty Cycle and Pulse Train settings. The configuration program

will ask the user whether they want a 100% duty cycle signal. If the user accepts, they are
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not asked for a pulse train setting because the waveform will be continuous. On the other
hand, if the user declines, they can choose a duty cycle ranging from 1% to 95%. In
situations when the waveform is not continuous, there is the option for a pulse train. The
user can select a pulse train ranging from 1 to 25 pulses per train which is present during

the active portion of the waveform duty cycle.

User Settings Range

B Field AC [0.5to 2.5] mTpp

B Field DC [0to 1.25] mT

Pulse Width [1 to 35] msec

Duty Cycle [1 to 95] or 100 %
Pulse Train [1 to 25] pulses per train

Table 5-2: Valid range for the five PEMF user settings

After the user has configured their new PEMF settings, they are redisplayed to the
monitor. If the user declines these settings, they are asked to enter new PEMF settings. If
accepted, these settings are used to calculate appropriate values for the timer and resistor
modules of the programmable waveform generator. As a result of these calculations, the
system may have implemented settings for the AC and DC magnetic fields that are
different from the original user request. Therefore these implemented settings are
displayed back to the user. If the user accepts the configuration, these settings are saved
in EEPROM and the microcontroller deactivates USART communication. The system
enters a standby mode of operation allowing the push button interrupt to restart the user
configuration procedure. On the other hand, if the user rejects the implemented settings,
the program restarts the configuration procedure and asks the user to enter new PEMF

settings.
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5.5.2.2.3.Calculate Timer Values Module

The microcontroller uses a 16-bit timer configured for a fast pulse width modulation (fast
PWM) to regulate the occurrence of events within the programmable waveform
generator. The fast PWM is based upon a single-slope operation counting from the
bottom to top value, then restarting the timer cycle at the bottom value. The bottom value
is zero; the top value is set as the value in timer register A. As well, this design
incorporates timer register B as an intermediate count value between bottom and top,
providing additional functionality to the programmable waveform generator. The
integration of two distinct timer modes during waveform generation requires timer
registers A and B to be double buffered. These two timer modes use different values for
timer registers A and B, which can be set in advance, but will not be updated in the timer
configuration until the start of a new count cycle. Timer mode O designates the time
period when a pulse train is not present, also known as the off-time portion of the
waveform duty cycle. Timer mode 1 designates the time period when a pulse train is

present, also known as the active portion of the waveform duty cycle.

To initialize the timer module during application of the programmable PEMF generation
system, a suitable prescaler value must be established for the timer resolution. Using a
16-bit timer, at a system clock frequency of 3.6MHz, with a unity prescaler corresponds
to a maximum time of 17.7msec. However, this time can be exceeded by the operating
range of the system when using large pulse width or small duty cycle settings. As a result,
using a minimum prescaler value of eight allows the timer to count for 142.2msec, which
is larger than the maximum pulse width. However, when using a duty cycle less than
100%, the selection of a timer prescaler is dependant upon the desired pulse width, duty
cycle, and pulse train. These three values affect the calculation of Offtime Count
(equation 5-5), during which no ramping pulse train is present. In order to determine an
appropriate timer prescaler, Offtime Count is initially calculated using a unity timer
prescaler. This resulting timer count is compared to the maximum allowed count for each

prescaler value, as outlined in table 5-3. From this comparison, an optimal prescaler value
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can be determined for the current PEMF settings which will maximize the timer

resolution.

Pulse WidthX Pulse Trainx (__I_Q(_)___ -1)
Offtime Count = Duty Cycle (5-5)
Timer Resolutionx1000
Prescaler Maximum Timer Count Timer Resolution (psec)
1 65,536 0.271
8 524,288 2.17
64 4,194,304 17.4
256 16,777,216 69.4
1024 67,108,864 278

Table 5-3: Effect of prescaler on maximum timer count and resolution

Using the optimal prescaler, the firmware calculates a pulse width count and off-time
count for the timer registers. Pulse Width Count (equation 5-6) only accounts for the time
period during with the integrator circuit is actively producing a single ramp signal. Since
the timer has varying resolution depending upon the selected prescaler (table 5-3), the
implemented pulse width is determined from a back-calculation of equation 5-6 The
largest discrepancy occurs when using a 1024 prescaler. To enter this prescaler mode, a
pulse width of at least 20.2msec is required. Although a resolution of 0.278msec
corresponds to only 1.3% of the pulse width, it is significant when considering 5% reset
times for the ramp signal. Also, Offtime Count (equation 5-5) corresponding to the total
time period of the off-time portion of the waveform duty cycle is recalculated using the

implemented pulse width.

Pulse Width
Timer Resolutionx1000

Pulse Width Count =

(5-6)

Lastly, Offtime Half Count (equation 5-7) and Pulse Width Reset Count (equation 5-8) are
calculated by the microcontroller to complete the configuration of the timer. Offtime Half
Count is used in timer mode 0, to provide the opportunity to initialize timer registers A

and B for a switch to mode 1. Pulse Width Reset Count is used in timer mode 1, and
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includes both the active and reset time duration for the development of the ramp
waveform by the integrator circuit. Although theoretical calculations determined a 2.5%
reset time, the firmware will be configured with a 5% reset time to discharge the

integration capacitor.

Offtime Count
2.0

Offtime Half Count = (5-7)

Pulse Width Reset Count = Pulse Width Count X1.05 (5-8)

The microcontroller firmware has calculated the four count values required for the
operation of the timer in the programmable waveform generator. Depending upon the
timer mode, these count values are configured into timer registers A and B according to

table 5-4.

Timer Mode
Timer Register Mode 0 Mode 1
A Offtime Count Pulse Width Reset Count
B Offtime Half Count Pulse Width Count

Table 5-4: Configuration of the timer registers for mode 0 and mode 1
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5.5.2.2.4.Calculate Resister Values Module

The microcontroller is responsible for the calculation of all the resistor values configured
in the programmable waveform generator. These resistor calculations are divided into
three main categories: AC field resistors, DC field resistors and DC equalization resistors.
These resistors will regulate the magnitude of the AC and DC magnetic field components

as specified by the user.

The resolution of the 8-bit digital potentiometers can be determined according to equation
5-9. The accuracy of this calculation is improved by taking into account the residual

wiper resistance of the potentiometer.

Resistance , —Resistance,,,,
: (5-9)
255

Resistor Resolution =

Settings are calculated for the resistor bank and digital potentiometers in the AC signal
generation circuit. A maximum ramp voltage (V.4) for the integrator circuit is calculated
using equation 5-3, corresponding to the user-specified AC magnetic field. The integrator
circuit can be tuned to achieve V,, by varying its effective total resistance.
Rearrangement of the characteristic equation for an active integrator circuit (equation 5-
4), yields a relation for the required resistance (equation 5-10) to achieve the user-
specified pulse width and maximum ramp magnitude. This equation also incorporates
fixed aspects of the active integrator circuit such as the capacitance and differential input
voltage (Vin;). Obtaining these implemented values is discussed in chapter 5-8. Although
valid user settings should already limit the range of Resistancery., the software will limit
this value between 3.56kQ and 782.594kQ), according to the capability of the

implemented circuit.

-« X Pulse Width
Re sis tan ce,, , = —— X Pulse Wi (5-10)
V ax X Capaci tan cex1000
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To achieve this value of Resistancer,,, requires the selection of an appropriate resistor
bank (Resistorac panx) in the integrator circuit. The resistor bank algorithm selects the
[argest resistor bank such that Resistancergy, is less than the combined resistance from the
resistor bank, maximum output of the digital potentiometers and residual resistance in the
integrator circuit. The residual resistance (Resistancegesizq) in the integrator circuit is
accounted for by the current limiting resistor and the wiper resistance of the digital

resistors.

Using the selected resistor bank, the total resistance required from the 10kQ and 100kQ

digital resistors in the integrator circuit can be calculated with equation 5-11.

Resistance,,,, = Reistance,, —Resistor, 5, —Resistancey, ;4,0 (5-11)

As mentioned, there are two digital potentiometers to be programmed by the
microcontroller. The setting for the 100kQ) potentiorheter is calculated first, followed by
the calculation of the 10kQ potentiometer setting. The 100k potentiometer provides the
greatest variability in resistance, and will be set as the value nearest to the required digital
resistance according to equation 5-12. When the resistor bank was implemented, some of
the spacings were slightly more or less than 100kQ), due to the accuracy of the surface
mount resistors. In the case that the 100kQ digital potentiometer is not large enough to
satisfy the required resistance, it will be set to its maximum data setting of 255. The

additional resistance required will be obtained from the 10kQ digital resistor.

Resis tan Cpiital

(5-12)

Resistor,q 001 = Resistor Rosoluti
esistor Resolution ;. g,

To improve the accuracy of the implemented digital resistance requires the use of a 10kQ
digital potentiometer. An appropriate setting for the 10kQ potentiometer will be

calculated according to equation 5-13.
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Resistancey,,,, — (Resistor, o, X Re sistor Resolution ;¢ 14, (5-13)

Resistor - o =

Resistor Re solution ;. ,,,

All of the settings for the resistors within the integrator circuit have been calculated.
These settings will be programmed to the resistive elements prior to waveform

generation, to ensure the functionality of the AC signal generation circuit.

Since the digital hardware used for AC signal generation has limited resolution, in
regards to resistance, it may not be able to exactly meet the specifications desired by the
user. Using the implemented value of resistance in the integrator circuit, the firmware
will calculate the implemented ramp waveform magnitude by a rearrangement of
equation 5-10. Thus, the microcontroller can calculate the implemented AC magnetic

field, via equation 5-3, corresponding to this implemented ramp waveform.

The DC signal generation is divided into two voltage divider networks, each containing a
digital potentiometer. The following calculations require the implemented values of the
+3.3V supply rail (V¢c) and the -3.3V supply rail (Vgg) for optimal accuracy. The
microcontroller calculates the DC equalization resistance setting for the 100kQ digital
potentiometer (equation 5-14) required to produce an equalization voltage (Vpc Equatizaiton)

half the magnitude of the AC ramp voltage.

(9965 00 X (VDC Equalization )

—-Re sistan CeDC Equalization wiper
Ve =V,

ReSiStOVDC Eonalication = DC Equalization (5_14)
qualization . .
Resistor Resolution¢ pyuizaiion

The microcontroller also calculates the required resistance for the generation of the DC
magnetic field. As was the case with the AC signal, the desired DC magnetic field is
associated with a DC voltage (Vpc) to be achieved by the programmable waveform
generator. However in this situation the applied DC voltage is negative because the AC
signal, that was originally positive, has been inverted by the DC equalization circuit. This
voltage corresponds to a setting for a 10kQ digital potentiometer (equation 5-15) that

regulates a voltage divider circuit.
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(43000% (Vee =Vpe)) = (43000X (Vg +¥pc)) g oo
DC Bias wiper
Ve + Vi = 519)
Re sistor Re solution . ..

Resistorye g, =

Although the implemented DC magnetic field should be very close to the user-specified
value, it could vary due to the digital components of the programmable waveform
generator. As a result, the implemented DC voltage from the digital voltage divider is
back-calculated from equation 5-15, followed by the calculation of the implemented DC

magnetic field.
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5.5.2.3. Disconnected from USB Subprogram

If the programmable PEMF generation system is not connected to a computer, the
firmware branches to the “Disconnected from USB” subprogram. Outlined in figure 5-20,
this subprogram consists of two modules, system initialization and waveform generation,
that allow the programmable PEMF generation system to produce the user-specified ramp

magnetic field.

Disconnected from USB

System Initialization

Disable USART Program Resistors

Resistor Digital I Program Timerl _>| Waveform Generation

Load Settings X
From EEPROM Bank Resistors

Figure 5-20: Overview of “Disconnected from USB” subprogram firmware

5.5.2.3.1.System Initialization Module

The “System Initialization” module prepares the programmable waveform generator for
the output of the user-specified ramp waveform. Since the system is not connected to a
computer, the firmware disables USART communication, preventing undesired signals
on the communication lines that could damage the unpowered and therefore unprotected
USB-UART conversion circuit. As well, the timer and resistor settings, as outlined in
table 5-1, are loaded from EEPROM to be programmed into their respective digital

components by the microcontroller.

The microcontroller will program the onboard 16-bit timer with the appropriate settings
for waveform generation. The timer is configured to operate in the fast PWM mode with
the top count specified by the content of timer register A. The timer will start when
prompted by the push button interrupt on the programmable waveform generator. Rather
than using timer interrupts, custom firmware has been developed to guide waveform

generation based upon the status of the timer flags A and B. These flags, cleared during
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initialization, indicate when the timer has reached the count specified by their respective
registers. Lastly, as specified by table 5-4, the timer registers A and B are initialized with

their value required for mode 1 of the timer operation.

The microcontroller also programs the resistive elements of the programmable waveform
generator. The resistive elements to be programmed are the resistor bank and four digital
potentiometers. The resistor bank, located in the AC signal generation circuit, is
programmed through the control of a 3-to-8 multiplexer using three I/O pins on the
microcontroller. The digital potentiometers are programmed by the microcontroller using
the SPI. In this design, the programming of the four required potentiometers is executed
using two distinct modules. The first module programs the 100k potentiometer for the
DC bias circuit. The second module programs the three remaining potentiometers for the
AC signal generation circuit and the DC equalization circuit. This second module
programs three resistors because they are daisy chained together in the hardware, due to

the serial out on the MCP42010.

Communication across the SPI is from the master device (microcontroller) to the slave
device (digital potentiometer). Although the digital potentiometers can perform at a
maximum SPI clock frequency of 10MHz, the clock rate will be configured at 230kHz to
improve the reliability of communication. Successful communication with the digital
potentiometers requires a clock polarity such that a leading edge is a falling signal and a
trailing edge is a rising signal. As well, the clock phase is established so the data is
sampled on the trailing edge of the clock signal. Once the SPI communication pins and
control registers are initialized, the chip select for the desired potentiometers can be
activated to begin programming. The digital potentiometers require both a command and

data byte to successfully configure their settings.

The programming of the 100kQ potentiometer in the DC bias circuit starts by activating
the corresponding chip select. Once activated, a command byte is sent to the digital
potentiometer informing that data will be written to potentiometer 0. In single

potentiometer 1Cs (MCP41100, Microchip), there is only potentiometer 0; however, in
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dual potentiometer ICs (MCP42010, Microchip), there is potentiometer 0 and
potentiometer 1. Following this command byte is the data byte containing the setting
Resistorpc pias. Upon receipt of this data, the chip select is deactivated to complete the

programming of this potentiometer for the DC bias circuit.

To program the daisy chain network, information is first delivered for the 100kQ
potentiometer since it is at the end of the serial communication line. Immediately
following, the information for the dual 10kQ potentiometer is delivered from the
microcontroller. All of the potentiometers in this daisy chain network use the same chip
select signal from the microcontroller. During programming of the 100kQ potentiometer
in the integrator circuit, its command byte informs that data will be written to
potentiometer 0; its data byte contains the value Resistor ¢ joor. Although this information
is initially delivered to the MCP42010, it will be transferred to the MCP41100 when the
MCP42010, receives the next command and data byte from the microcontroller. The
microcontroller now programs one of the resistors in the MCP42010. In this design, the
command byte indicates that data will be written to potentiometer 0, corresponding to the
10kQ) potentiometer in the integrator circuit. As a result, its corresponding data byte
contains the value Resistorsc ;- The chip select corresponding to these two
potentiometers is deactivated to complete this programming. It is not possible to program

both resistors of the MCP42010 in a single programming cycle.

This chip select is reactivated so the microcontroller can program the remaining 10kQ
potentiometer in the MCP42010. The microcontroller sends a single command and data
byte over the SPI that writes the value of Resistorpc gquatizaion 1nt0 potentiometer 1 of the
MCP42010. Deactivation of the chip select completes the programming of this resistor in
the DC equalization module; thereby not affecting the programming of the proceeding
100kQ potentiometer.

The “System Initialization” routine has completed programming for the microcontroller

timer and resistive elements of the programmable waveform generator. Prior to the

enabling of interrupts, their flags are cleared to remove any impending interrupt request.
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Once the interrupts are enabled, the push button interrupt can start and stop waveform

generation.

5.5.2.3.2. Waveform Generation Module

The “Waveform Generation” module uses the onboard 16-bit timer to produce an output
waveform with the desired user specifications. This module is executed by the
microcontroller once the timer and resistor elements have been initialized in the
programmable waveform generator. As shown in figure 5-21, the functionality of the
“Waveform Generation” module depends upon whether Waveform Status has been

activated by the push button interrupt.

Waveform
Generation

Check
Waveform
Status

Deactivated

Waveform
Deactivated

Waveform
Activated

Figure 5-21: Overview of the “Waveform Generation” subroutine

Waveform Status is deactivated upon first entering the “Waveform Generation”
subroutine, allowing the system to be initialized as shown in figure 5-22. The system is
prepared for waveform generation, but not yet activated. In this initialized state the timer
is stopped and the system remains in this state until the push button is pressed. This
activates Waveform Status allowing the programmable waveform generator to output the

desired user-specified ramp waveform.
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Figure 5-22: Overview of the “Waveform Deactivated” subroutine

When Waveform Status is activated, the firmware branches to the “Waveform Activated”
subroutine. This subroutine starts the operation of the timer, according to the
predetermined timer prescaler stored in Timer Speed. Timer flags A and B are set as the
timer runs through its count. Based on the flag set and the operational mode of the timer,
the firmware will control the integration and DC equalization circuits, as indicated by
figure 5-23, in order to create the user-specified ramp waveform. Timer flags are cleared
upon return to the start of the “Waveform Generation” subroutine. The firmware also
increments the variable Pulse Count, each time a single ramp pulse is generated for the

pulse train.

The variable Pulse Count is monitored by the “Pulse Train Regulation” subroutine (figure
5-24). If Pulse Count is less than the user-specified pulse train length, the firmware
proceeds to develop another ramp pulse. Once Pulse Count equals the desired pulse train
length, the firmware checks the user-specified duty cycle. Based upon this duty cycle, the
timer may change its mode of operation to produce the off-time portion of the waveform.
As a result, the microcontroller can regulate all timing aspects of the desired ramp

waveform.
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Figure 5-23: Overview of the “Waveform Activated” subroutine
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Figure 5-24: Overview of the “Pulse Train Regulation” subroutine

l—<1 00%

Change to Timer Mode 0
Activate DC Equalization

Waveform
Generation

104



5.5.2.4. Interrupt Service Routine

An interrupt service routine has been developed, which is requested whenever the push
button is pressed. If the system is connected to a computer, the interrupt routine allows
the user to restart the PEMF configuration procedure, by toggling the updated settings
status in firmware. If the system is not connected to a computer, the interrupt routine
starts and stops waveform generation for the programmable PEMF generation system, by

toggling Waveform Status in firmware.
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5.6. Magnetic Field Sensor

A magnetic field sensor system was developed for the programmable PEMF gencration
system so the user can verify the produced magnetic field. A schematic of this circuit can
be found in appendix C. This system consists of a magnetic field sensor and an
instrumentation amplifier. The magnetic field sensor was an external component with a
cabling interface to the instrumentation amplifier. The instrumentation amplifier was

placed on the printed circuit board containing the programmable waveform generator.

The magnetic field sensor chosen for this system is the Allegro A1395 because it is one
of the few sensors that can operate from a supply voltage of +3.3V. This sensor has a
specified sensitivity of 100mV/mT while operating at a nominal supply voltage of +3V.
Since the implemented supply voltage is an increase of 10% from the nominal value, the
sensitivity of the sensor should also increase by 10%. Therefore the actual sensitivity is

predicted to be 110mV/mT.

The magnetic field sensor is attached to a 2m long cable. The use of an external cable
allows freedom to the positioning of the sensor in specific environments. This cable
connects the sensor to the instrumentation amplifier circuit within the casing of the
programmable waveform generator. This cable delivers 0 and +3.3V supply rails and a
sleep command to the sensor, and receives the output signal from the sensor. The A1395
magnetic field sensor also has the ability to enter shutdown mode for reduced current
consumption. This functionality is implemented through a manual switch, onboard the

programmable waveform generator, that sends a sleep command to the sensor.

To maximize swing on the output signal, the reference voltage is tied to the supply
voltage since the quiescent output voltage of the sensor is half the reference voltage.
During experimental conditions, the maximum magnetic field will be 2.5mTpeax,
corresponding to a voltage swing of 0.275V ..k on the sensor output. This output signal
can be amplified to improve the SNR. Signal amplification is performed using an

instrumentation amplifier (MAX4194, Maxim). This instrumentation amplifier is
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provided a reference output voltage of +1.65V to maximize the voltage swing capability.
This reference voltage also corresponds to the quiescent output voltage of the magnetic
field sensor. Hence, the inverting input on the amplifier is also set at this reference
voltage, to maximize the common mode signal. The instrumentation amplifier will be
designed with a gain of 4.33, corresponding to an output swing of 1.2V e during

maximum loading conditions.

This amplified output signal can be monitored through an external connection with an
oscilloscope. The measured peak-to-peak voltage signal can be converted to a magnetic

field strength according to equation 5-16.

4 mV,
Bmeasured [mTPP] = 'f'easured [ . PP]
Gain X Sensitivity
V peasired [V op ] (5-16)
red LT
Bmeasured [mTPP] = Imeasured L7 7 PP ]
476[mV /mT]

When the magnetic field sensor was implemented, the resulting magnetic field strength
after amplification of the sensor signal was reduced on average by 2% as compared to the
raw signal. This discrepancy can be accounted for by the noise present on the sensor
signal and the 1% tolerance rating of the surface mount resistor used to establish

amplifier gain.
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5.7. Current Consumption Analysis

The current consumption by the programmable PEMF generation system is separated into

two divisions: the programmable waveform generator and the coil driver.

5.7.1. Programmable Waveform Generator

The current analysis for the programmable waveform generator module is divided into
the digital and analog circuits for waveform generation, as well as the onboard magnetic

field sensor.

The programmable waveform generator uses both digital ICs, and analog circuits to
produce the user-specified signal. In regards to the digital component of waveform
generation, there are thirteen ICs that, when fully activated, demand a total current supply
of 32.2mAgrms. Of this total, 15mAgrms of current is required by the USB-UART
converter IC. The microcontroller requires a supply current of 3.5mARgms to control the
functionality of the system. The analog circuits associated with waveform generation

only require a supply current of 6.2mAgms.

The onboard magnetic field sensor consumes approximately 3.4mAgrms of current when
activated. This system can also be toggled into a sleep mode, when not in use, thereby

reducing current consumption to 0.2mAgwms.

When connected to a computer, the programmable waveform generator requires a total
supply current of 41.8mARgyms. In the situation that the system is connected to a 4-port
hub, the available current of 125mAgms is able to meet the requirements of the

programmable waveform generator.

If the system is not connected to a computer, the current consumption by the
programmable waveform generator is reduced to 26.8mARgyms. This is because the USB-
UART converter IC is not activated. As an alternative to an external power supply, the

programmable waveform generator could be powered by a battery. Using a lithium ion
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rechargeable battery with a voltage range from +3V to +4.2V and a capacity of 6.1Ahr,
the programmable waveform generator could operate for over 200 hours on a single

charge cycle.

5.7.2.Coil Driver

The majority of the current required for the programmable PEMF generation system is
consumed by the coil driver. This analysis is divided into two sections: the current

required for coil driver itself and the connected coil set.

In regards to the coil driver itself, a total of 209.5mAgrwms of current is consumed. Of this
consumption, 46mAgms 1S consumed by the three ICs, 160mAgrys is consumed by the

cooling fan, and the remaining 3.5mARgws is consumed by analog circuits.

The majority of the current supplied to the coil driver is consumed by the coil set for
generation of the magnetic field. The maximum current will be delivered to the coil set
when the programmable PEMF generation system is configured for the maximum AC
magnetic field of 2.5mTpp and the maximum DC magnetic field of 1.25mT. During this

configuration, each coil will require a current of 1.35Apcak or 0.78 Arums.

Taking this all into account, the coil driver requires a supply current of 1.773Arms.
Unlike the programmable waveform generator, it is not practical to power the coil driver
module with a battery pack. Using a lithium ion rechargeable battery pack with a capacity

of 6.1 Ahr, the coil driver could only function for only 3 hours on a single charge cycle.
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5.8. System Verification

The purpose of system verification is to test the functionality of the subsystems required
in the programmable PEMF generation system. The two main subsystems are the coil
driver and the programmable waveform generator. During system verification these

subsystems are calibrated according to the implemented circuit conditions.

5.8.1. Coil Driver

There were a few issues during the coil driver verification such as the gain of the coil

driver and the resulting magnetic field strength.

Measurement of the input ramp voltage applied to the coil driver and the output magnetic
field detected from a magnetic field sensor, yielded the implemented relationship of
equation 5-3. Comparison to the theoretical analysis (equation 5-2) yielded an error of
86% between values. Some of the discrepancy between theoretical and experimental
magnetic fields was accounted for by the implemented gain of coil driver. If the coil
driver performed according to the design specifications, it should amplify the input
voltage by a factor of 10. However, measurement of the input and output voltage from the
coil driver revealed an approximate 15 times gain; an increase of 50% from the designed
value. It is apparent that there are unaccounted for resistance, capacitance and inductance
characteristics in the coil driver; however, the implemented resistance for the amplifier
gain was equal to design specifications. As a result, the implemented relation for the

voltage to current conversion of the coil driver is stated in equation 5-17.

1=24xV, (5-17)

Using this new relation for theoretical calculations reduces the error between the
implemented and theoretical magnetic field-to-voltage conversion factor to 24%. The
remaining error could be attributed to the calibration of the magnetic field sensor,
assumptions made in magnetic field modelling, alignment of the coil set, and placement

of the magnetic field sensor.
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5.8.2. Programmable Waveform Generator

The programmable waveform generator has several modules such as the computer
interface and 16-bit timer that must work properly before the entire programmable PEMF
generation system can be verified according to its specifications. As well, the calibration
procedure updated the firmware with the implemented circuit conditions involved in the

generation of the user-specified waveform.

3.8.2.1. Verification of Computer Interface
The computer interface allows the user to program their desired PEMF settings into the

system. The functionality of the computer interface can be verified through the testing of

(1) the PEMF configuration menu and (2) the user input.
1) The PEMF Configuration Menu

After the programmable waveform generator system was connected to a PC, a menu was
displayed in the following order:

Display welcome screen

ISE

Display current PEMF settings
Prompt for new AC magnetic field

& o

Prompt for new DC magnetic field
Prompt for new ramp pulse width
Prompt for new waveform duty cycle

Prompt for new pulse train count

o oo

Display user-specified settings

[~

Display implemented settings
Additional information on how the firmware advances through the PEMF configuration

menu is provided in chapter 5-5. Referring to this design, the implemented system

functioned according to specifications.
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2) The User Input

The user input was verified so PEMF settings are properly limited to the operating range
of the system, the user can restart the configuration process and the user can accept or
decline PEMF settings. User-specified PEMF settings were only accepted by the system
if they were within the limits of table 5-2. The user could restart the configuration process
cither with the push button interrupt or a keyboard command. As well, the user could
accept or decline the PEMF configuration when the firmware displayed the settings
retrieved from the EEPROM, the new settings as specified by the user, and the

implemented settings for the programmable PEMF generation system.

5.8.2.2. Verification of 16-bit Timer

Verification of the 16-bit timer involved three objectives. The first objective was to
determine whether the timer can operate in the 100% duty cycle mode. The second
objective was to determine whether the timer can to switch to a higher prescaler mode
when required by register limitations. Lastly, the third objective was to determine

whether timer operation can be started and stopped by the push button interrupt.

The system was verified for its operation in the 100% duty cycle mode using the
minimum and maximum pulse widths. The minimum pulse width of 1msec allowed the
least amount of time for events to occur in both the firmware and hardware. The
maximum pulse width of 35msec ensured that the timer can operate in the 100% duty
cycle mode without violating register count restrictions. When using the minimum pulse
width, there was less than 0.4% error in the ramp time. Since the allocated reset time was
50usec when using the minimum pulse width and the timer resolution was 2usec, the
error increased to 12%. However, because reset times are designated as 5% of the ramp

time, the effect of this error on the overall waveform was negligible.
The system was also validated for its operation in each timer prescaler mode. Sample

settings for pulse width, pulse train, and duty cycle that allow the system to enter each

timer prescaler mode are provided in table 5-5. Measurements indicated that the timing
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accuracy degrades when using a larger prescaler mode, due to a decreased timer
resolution. Although the error in reset times was a maximum of 5%, all other timing

errors were less than 1%; indicating good performance of the system.

Prescaler | Pulse Width (msec) | Pulse Train (pulses / train) | Duty Cycle (%)
8 35 25 90
64 35 25 75
256 35 25 15
1024 35 25 10

Table 5-5: Programmable waveform generator temporal settings for the four timer

prescaler modes

Lastly, the use of the push button interrupt confirmed that it could start and stop the

operation of the 16-bit timer and therefore waveform generation.

5.8.2.3. Implemented Circuit Conditions

The objective of this procedure was to calibrate the firmware according to the
implemented circuit conditions. These updated circuit conditions will affect the outcome

of firmware calculations.

Calibration was first performed on the resistor calculations for the AC signal generation
circuit. The calibration procedure measured the implemented capacitance, static
resistance and input voltage of the integration circuit. The resistor bank algorithm was
also updated with implemented values. Although the implemented resistance varied from
the designed values, the maximum spacing was less than 100kQ as required for the
digital potentiometers. Lastly, the maximum obtainable resistance of the digital
potentiometers was measured and updated in firmware, since their specifications allow a

range of 20%.

Calibration was also performed on the resistor calculations for the DC signal generation
circuit. The calibration procedure measured the implemented +£3.3V supply rails and
static resistances present in the voltage divider circuits. As well, the maximum obtainable

resistance of these digital potentiometers was measured and updated in the firmware.
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Chapter 6

6. System Testing and Results

This chapter discusses the testing of the programmable PEMF generation system. The
system was verified according to its design specifications for the AC and DC magnetic
field strengths, pulse width, duty cycle and pulse train. As well, a calibration procedure
was performed on the AC waveform component to align theoretical and experimental

results.

6.1. Objectives

The testing procedure was to satisfy two main objectives:
1) Calibration of the system to align theoretical and experimental waveforms

2) Verification of the programmable PEMF generation system operating range

6.2. Methodology

The methodology used to calibrate and verify the operational range of the programmable
PEMF generation system was separated into the testing of the AC and DC signal. Using
this approach, each procedure progressed through three stages:

1) Approval of implemented settings specified by microcontroller

2) Approval of voltage waveform produced by programmable waveform generator

3) Approval of magnetic waveform produced by coil set

6.2.1. Calibration of AC Waveform

The testing procedure began with the calibration of the AC signal. The experimental
measurements were compared with the implemented settings based on theoretical
calculations. Before the calibration, the firmware was programmed with a magnetic field-
to-voltage conversion factor based upon the coil driver relation of equation 5-17, and the
original magnetic field model of equation 4-3. Large pulse widths of 15msec and 35msec
were used to prevent the inductance of the coil set from altering the resulting magnetic
field. The magnitude of the AC magnetic field was set at 0.5mTpp, 1.5mTpp and 2.5mTpp,

allowing calibration over a range of operating conditions. Lastly, the DC bias was set to

114



zero and the system was specified for a 100% duty cycle waveform. Both the
programmable waveform generator output voltage and the resulting magnetic field
strength were measured and compared with theoretical values. The same results (table 6-
1) were achieved for both the 35msec and 15msec pulse width settings and were used to

align the theoretical and experimental waveforms.

Implemented Settings based on

Theoretical Calculations Experimental Measurements Error

AC Calculated AC AC
Magnetic Field | Voltage Signal | Magnetic Field | Voltage Signal | Magnetic | Voltage

(mTypp) {(mVypp) (mTpp) (mVpp) Field Signal
0.5 113 0.7 135 45.5% 19.5%
1.5 340 2.0 397.5 36.4% 16.9%
2.5 566 33 645 32.7% 14.0%

Table 6-1: Experimental results before calibration using pulse widths of 35msec and

15msec

The average error in the voltage waveform generation was 16.8% in the performed trials.
As a result, the calculation for the voltage waveform generation was adjusted by a factor
of 16.5% in the microcontroller firmware. Although this adjustment was slightly less than

the average error, it provided a bias towards the generation of larger magnetic fields.

From the results of table 6-1, the experimentally measured magnetic field yields an
average error of 38.2% from the desired implemented settings. However, if there was no
error in the voltage signal produced by the programmable waveform generator, the error
for the magnetic field is reduced to 21.7%. Assuming a linear relationship, the magnetic
field-to-voltage conversion factor can be adjusted to reduce this observed error. Previous
experimental trials using the coil driver, such as for the experiments of chapter 3, indicate
that a linear relationship should not be implemented. The 19.3% decrease made to the
implemented conversion factor, as represented in equation 5-3, was actually less than that
suggested by the observed error. As will be shown in post calibration results, the use of a

linearly based adjustment would not have optimized the accuracy of the system.
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Calibration of the voltage and magnetic field waveforms improved the accuracy of the
programmable PEMF generation system. The experimental trials, using pulse widths of
35msec and 15msec, were repeated for the calibrated system and the results are shown in
tables 6-2 and 6-3 respectively. Illustrated in figure 6-1 are experimental waveforms as
obtained from an oscilloscope. The SNR on the 0.5mTpp signal was significantly less
than the 2.5mTypp signal. In regards to the 91mVpp and 454mVpp voltage signal from the
programmable waveform generator, the noise level was +5mV. In regards to the 0.5mTpp
to 2.5mTpp magnetic field signal, the noise level was +£0.05mT. The error in obtaining a
peak-to-peak measurement from an oscilloscope was twice the signal noise level. This
accounted for the inconsistent error at a 0.5mTpp magnetic field setting for pulse widths

of 15msec and 35msec.

Implemented Settings Based on
Calibrated Calculations Experimental Measurements Error
AC Calculated AC AC
Magnetic Field | Voltage Signal | Magnetic Field | Voltage Signal | Magnetic | Voltage
(mTpp) (mVPp) (mTpp) (mVpp) Field Slgnal
0.52 94 0.5 95 -3.8% 1.1%
1.5 272 14 275 -6.1% 1.1%
2.5 454 2.3 450 -6.9% -0.9%

Table 6-2: Experimental results after calibration using a pulse width of 35msec

Implemented Settings Based on
Calibrated Calculations Experimental Measurements Error
AC Calculated AC AC
Magnetic Field | Voltage Signal | Magnetic Field | Voltage Signal | Magnetic | Voltage
(mTpp) {(mVpp) (mTpp) (mVpp) Field Signal
0.5 91 0.5 95 0.0% 4.4%
1.5 272 14 275 -5.5% 1.1%
2.5 454 2.3 459 -6.9% 1.1%

Table 6-3: Experimental results after calibration using a pulse width of 15msec

After the system was calibrated, the accuracy of both the voltage signal and resulting
magnetic field was improved. The actual voltage generation was within 1% of the desired
ramp magnitude. The average error between the experimentally generated magnetic field
and desired implemented values was approximately 5%. Prior to calibration, the magnetic
field was being overestimated; after calibration, the magnetic field was being

underestimated. Therefore, if a linearly based adjustment had been implemented on the
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magnetic field-to-voltage conversion factor, the accuracy of the system would have been

reduced.
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Figure 6-1: Magnetic waveform measurements for a 100% duty cycle, 35msec pulse
width signal configured for an AC magnetic field strength of (a) 0.5mTpp and (b)
2.5mTpp

The error between measured and desired signal magnitudes was equal or less than the
error involved in obtaining a measurement from the oscilloscope; therefore, the system
was calibrated. As a result, the verification of the AC and DC field operating range for

the programmable PEMF generation system could be performed.

6.2.2. Verification of AC Field Operating Range

The verification of the AC field operating range for the programmable PEMF generation
system was separated into two sections:
1) Verification of an individual ramp pulse

2) Verification of waveform duty cycle and pulse train

Verification of an individual ramp pulse, investigated the effect of coil inductance on the
accuracy of the programmable PEMF generation system. As a result, the pulse width
settings were biased towards smaller values. During the calibration procedure, the system
was verified at the maximum operational pulse width of 35msec and an intermediate
pulse width of 15msec. The AC field verification procedure used pulse widths of 27msec,
9msec, Smsec, 4msec, 3msec, 2msec, and 1msec. For each of these pulse widths, the AC
magnetic field was set at 0.5mTpp, 1.5mTpp and 2.5mTpp to provide sufficient coverage of

the operating range of the programmable PEMF generation system. The DC bias was set
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to zero and the system was specified for a 100% duty cycle waveform. Throughout this
procedure, both the voltage signal from the programmable waveform generator and the
amplified signal from the magnetic field sensor were measured and analyzed for

magnitude and timing characteristics.

Rather than being solely focused on the characteristics of an individual ramp pulse
produced by the programmable PEMF generation system, an additional set of testing
conditions has verified the use of different settings for pulse train and duty cycle. Using a
duty cycle less than 100% allowed for the incorporation of a pulse train. The following
two trials tested two extreme operating conditions of the system. The first trial produced
the shortest possible waveform, without having a 100% duty cycle waveform, using a
Imsec pulse width and a 95% duty cycle signal with one pulse in the pulse train. The
second trial produced the longest possible waveform using a 35msec pulse width and a
10% duty cycle signal with 25 pulses in the pulse train. During these two trials, the DC
bias was set to zero. Unlike the previous verification trials, the measurements pertained

only to the timing characteristics of the waveform.

6.2.3. Verification of DC Field Operating Range

The verification of the DC field operating range for the programmable PEMF generation
system was separated into two sections:
1) Verification during the off-time portion of the waveform duty cycle

2) Verification during the active portion of the waveform duty cycle

Verification of the DC bias during the off-time portion of the waveform duty cycle used
the following procedure. The programmable PEMF generation system was configured for
a pulse width of 35msec, a DC bias of zero, and a 50% duty cycle signal with one pulse
in the pulse train. The ability of the system to regulate DC bias during the off-time
portion of the duty cycle was verified using AC signal strengths of 0.5mTpp, 1.5mTpp and
2.5mTpp. Both voltage and magnetic field measurements were obtained during this

procedure for the AC signal magnitude and the DC bias during the off-time portion of the
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waveform duty cycle. Optimally, this DC bias should be centered on the AC component

of the waveform.

The DC bias during the active portion of the waveform duty cycle was verified at user-
specified DC magnetic field settings of OmT, 0.625mT and 1.25mT. This procedure used
a pulse width of 35msec, an AC field strength of 2.5mTpp, and a 50% duty cycle signal
with one pulse in the pulse train. For both the voltage and magnetic field signal, the
measured DC bias was the difference between ground and the middle of the AC

waveform.

6.3. Results

6.3.1. AC Field Operating Range

Verification results, shown in tables 6-4, 6-5, and 6-6 for AC magnetic field strengths of
0.5mTpp, 1.5mTpp, and 2.5mTpp respectively, indicate that the accuracy of the
programmable PEMF generation system was reduced at smaller pulse widths. Altering
the pulse width from 35msec to 1msec, the average error in the voltage signal increased

from 1% to 5% and the average error in the magnetic field increased from 7.6% to 25%.

The accuracy of the programmable waveform generator in producing the desired ramp
waveform increased for large magnitude signals. When the AC signal magnitude was
varied from 0.5mTpp to 1.5mTpp to 2.5mTpp, the average programmable waveform

generator error in producing the desired voltage waveform was reduced from 7% to 3%

to 1%.

On the other hand, the accuracy of the programmable PEMF generation system in
producing the desired magnetic field was reduced for large magnitude signals. The
average error in the measured magnetic field as compared to the desired implemented
settings varied from 8% to 11% to 16%, when the AC magnetic field magnitude varied

from 0.5mTpp to 1.5mTpp to 2.5mTpp respectively.
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The effect of coil inductance was better represented through an investigation of the
temporal characteristics of the resulting magnetic field. Shown in tables 6-7, 6-8, and 6-9
are the results of the temporal analysis of the magnetic field produced by the
programmable PEMF generation system. The total time required for the ramp pulse and
reset still complied with ideal values; however the ratio of the ramp pulse to reset
duration varied in the magnetic waveform depending upon the selected pulse width. This
discrepancy was due to the inductance of the coil set, since the input signal from the
programmable waveform generator met specifications. Shown in figure 6-2 is an
experimentally measured magnetic waveform representative of this effect of inductance
on the performance of the coil set. This investigation indicated that for pulse widths
greater than or equal to 9msec, the temporal characteristics of the experimental magnetic
field did not vary significantly from the ideal; a ramp waveform possessing a 5% reset
duration between individual ramp pulses. When the pulse width was reduced to Smsec,
timing deviations from the ideal conditions were evident in the experimental magnetic
field. As the pulse width was reduced to 1msec, the observed reset period increased to
20% of the ramp pulse duration. From the results, a minimum reset time of approximately
0.25msec was required for magnetic field magnitudes of 0.5mTpp and 1.5mTpp, and a
minimum reset time of approximately 0.31msec was required for a magnetic field

magnitude of 2.5mTpp.
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Figure 6-2: Experimental magnetic field waveform configured for a 2.5mTpp AC
magnetic field with a Imsec pulse width and 100% duty cycle. Notice how the measured

pulse width is only 0.84msec, due to the inductance of the coil set at short pulse widths.
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Implemented Settings Based on
Calibrated Calculations Experimental Measurements Error
Calculated AC AC
Pulse Width Voltage Signal | Magnetic Field | Voltage Signal | Magnetic | Voltage
(msec) (mVpp) (mTpp) (mVpp) Field Signal
1 91 0.42 100 -16% 10%
2 91 0.46 99 -9% 9%
3 91 047 99 -71% 9%
4 91 047 99 -7% 9%
5 91 0.47 98 -7% 7%
9 91 0.47 98 -5% 7%
27 91 0.47 93 -5% 2%
Table 6-4: Analysis of experimental waveform magnitude configured for an AC magnetic
field setting of 0.5mTpp
Implemented Settings Based on
Calibrated Calculations Experimental Measurements Error
Calculated AC AC
Pulse Width Voltage Signal | Magnetic Field | Voltage Signal | Magnetic | Voltage
(msec) (mVpp) (mTpp) (mVpp) Field Signal
1 273 1.12 275 -25% 1%
2 273 1.29 281 -14% 3%
3 273 1.35 283 -10% 4%
4 273 1.37 283 -9% 4%
5 272 1.39 284 -8% 4%
9 272 1.40 281 -1% 3%
27 272 1.39 278 -8% 2%

Table 6-5: Analysis of experimental waveform magnitude configured for an AC magnetic

field setting of 1.5mTpp

Implemented Settings Based on
Calibrated Calculations Experimental Measurements Error
Calculated AC AC
Pulse Width Voltage Signal | Magnetic Field | Voltage Signal | Magnetic | Voltage
(msec) (mVpp) {(mTpp) (mVpp) Field Signal

1 457 1.68 434 -33% -5%
2 454 1.96 447 -22% -2%
3 454 2.10 453 -16% 0%
4 454 2.16 456 -14% 0%
5 454 2.21 456 -12% 0%
9 454 2.26 456 -9% 0%
27 454 2.26 453 -10% 0%

Table 6-6: Analysis of experimental waveform magnitude configured for an AC magnetic

field setting of 2.5mTpp

121



Timing Measured on
Experimental AC

Ideal Timing Magnetic Waveform
Ramp Reset Ramp Reset
(msec) (msec) (msec) (msec)

1 0.05 0.92 0.13

2 0.10 1.86 0.24

3 0.15 2.90 0.25

4 0.20 3.95 0.25

5 0.25 5.00 0.25

9 0.45 9.00 0.45

27 1.35 27.00 1.35

Table 6-7: Analysis of ramp and reset times for an experimental magnetic field

configured with an AC magnitude of 0.5mTpp

Timing Measured on
Experimental AC

Ideal Timing Magnetic Waveform
Ramp Reset Ramp Reset
{msec) (msec) (msec) (msec)

1 0.05 0.87 0.18

2 0.10 1.86 0.24

3 0.15 2.90 0.25

4 0.20 3.95 0.25

5 0.25 5.00 0.25

9 , 0.45 9.00 0.45

27 1.35 27.00 1.35

Table 6-8: Analysis of ramp and reset times for an experimental magnetic field

configured with an AC magnitude of 1.5mTpp

Timing Measured on
Experimental AC

Ideal Timing Magnetic Waveform
Ramp Reset Ramp Reset
(msec) (msec) (msec) (msec)

1 0.05 0.84 0.21

2 0.10 1.82 0.28

3 0.15 2.82 0.33

4 0.20 3.90 0.30

5 0.25 4.92 0.33

9 0.45 9.00 0.45

27 1.35 27.00 1.35

Table 6-9: Analysis of ramp and reset times for an experimental magnetic field

configured with an AC magnitude of 2.5mTpp
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Lastly, the programmable PEMF generation system was tested for its duty cycle and
pulse train capabilities. Testing the shortest and longest possible waveform, the
programmable PEMF generation system achieved the desired characteristics of pulse
width, reset time, off time and pulse train. The results of these two trials are shown in
table 6-10. When a 95% duty cycle waveform was used by the system, as in the shortest
waveform trial, the system was able to achieve the desired temporal characteristics at a
pulse width of 1msec. The 95% duty cycle signal is shown in figure 6-3a. However, as
previously demonstrated, if the duty cycle was increased beyond 95%, the temporal
characteristics of the resulting magnetic field degrade below specifications at a pulse
width of Imsec. Figure 6-3b illustrates the pulse train portion of the longest possible
waveform, containing 25 pulses. Although not shown, this pulse train was followed by

7.88 seconds of inactivity, corresponding to the off-time portion of the 10% duty cycle

signal.
Waveform Temporal Settings Experimental Timing Measurements
Pulse Width | Duty Cycle Pulse Train Pulse Width Reset Offtime Pulse Train
(msec) (%) (pulses / train) (msec) (msec) (msec) (pulses / train)
1 95 1 1 0.05 0.053 1
35 10 25 35 1.80 7880 25

Table 6-10: Experimental results for the duty cycle and pulse train verification using the

shortest and longest PEMF waveforms

1 1007 ;—-1402 . 200%/ 1 STOP
B : : ; T : : :
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(a)tl =. -51.004ms;. 1z = —4.00;)u5 at = lO(;O.Ou‘ErE 1rat = I.OO(E)kHZ (b)tl =l 22.978 SE 1z = 3.798: s At = 920.0ms 1708t : I.OB;' Hz
Figure 6-3: Magnetic field waveforms of (a) the shortest pulse train and (b) the longest

pulse train
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6.3.2.DC Field Operating Range

The programmable PEMF generation system was tested for its ability to control the DC
component of both the voltage waveform and resulting magnetic field. Control of the DC

waveform was divided into the off-time and active portions of the waveform duty cycle.

Implemented Settings Experimental Measurements DC Bias Error
Based on Calibrated iati i ) : During Duty Cycle
Calculations Dg;/::’g: gfo,iCD (\;/I:izzsfs:nm AC Field Magnitude (%ff—tir?le g
Calculated
AC AC
Magnetic | Voltage Magnetic Voltage Magnetic | Voltage
Field Signal Field Signal Field Signal | Magnetic | Voltage
(mTpp) (mVpp) (mT) (mV) (mTpp) (mVypp) Field Signal
0.5 91 -0.02 -2.5 0.47 95 -7% -5%
1.5 272 -0.02 -1.0 1.36 270 -2% -1%
2.5 454 -0.01 0.0 2.18 450 -1% 0%

Table 6-11: Experimental results for the DC bias produced by the programmable PEMF
generation system during the off-time portion of the waveform duty cycle. The DC bias

was set to zero during testing and should be centered on the AC waveform.

Testing of the DC bias during the off-time portion of the waveform duty cycle indicated
good performance. The extent to which the measured DC bias deviated from the center of
the AC waveform is listed in table 6-11. An error calculation relating this deviation to the
peak AC field magnitude indicated an average error of 2% for the programmable
waveform generator voltage and 3.5% for the resulting magnetic field. The most error
occurred with an AC field setting of 0.5mTpp, due to the bad SNR of the waveform.
Figure 6-4 illustrates, for an AC magnetic field of 2.5mTpp and a DC bias of 1.25mT, the
centering of the DC magnetic field on the AC magnetic field during the off-time portion

of the waveform duty cycle.

Testing of the DC bias during the active portion of the waveform duty cycle also
indicated good performance, as shown in table 6-12. The average error for the DC bias
was 4% for the voltage waveform and 11% for the magnetic field. No error calculation
was possible for a zero DC bias setting; however the obtained values of 3mV and 0.01mT

are indicative of low error. The error was larger for the magnetic field than the voltage
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waveform, due to the 5% error in the magnetic field-to-voltage conversion factor
previously observed in the AC magnetic field at large pulse widths. The same conversion

factor was used for both the AC and DC magnetic field calculations. An example of DC

bias during the active portion of the waveform duty cycle is illustrated in figure 6-4.

Implemented Settings Based
on Calibrated Calculations | Experimental Measurements Error
Voltage DC Voltage DC
Signal Magnetic Field Signal Magnetic Field | Voltage DC
(mV) (mT) (mV) (mT) Signal Magnetic Field
0 0 3 -0.01 N/A N/A
114 0.625 108 0.56 -5% -11%
227 1.25 221 1.11 -3% -11%

Table 6-12: Experimental results for the DC bias produced by the programmable PEMF

generation system during the active portion of the waveform duty cycle

(~5.05s 10,02/ £1_ST0P

i

11 =.1.769. vV VE(1) = 2.299 V avely = 530.0mv

Figure 6-4: Magnetic waveform measurement showing DC bias during both the active
and off-time portions of the waveform duty cycle. The signal was configured for an AC

magnetic field strength of 2.5mTpp and a DC component of 1.25mT.

6.4. Discussion

The testing procedure progressed through three stages: (1) the implemented settings of
the programmable waveform generator were approved by the user, (2) the voltage output
of the programmable waveform generator was verified with the implemented settings,
and (3) the magnetic field produced by the coil set was verified with the implemented

settings.

In the majority of the tested magnetic field conditions, the programmable waveform

generator specified the appropriate implemented settings. Since the programmable
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waveform generator is a digital instrument, it imposed a finite resolution to the settings
that could be programmed. Throughout the testing procedure, there was only the
occasional deviation from the user-specified settings. For example, at a 35msec pulse
width, a magnetic field setting of 0.50mTpp was reconfigured to 0.52mTpp; or at a Imsec
pulse width, a magnetic field setting of 2.50mTpp was reconfigured to 2.52mTpp.
However these deviations were small and corresponded to a 4% and 0.8% change

respectively.

The deviation at the large pulse width was due to two reasons. First, there was a
programming error for the 10kQ digital potentiometer in the integrator circuit that
occurred when the required resistance exceeded the capability of the device. After
updating the firmware, the error in the implemented AC magnetic field setting, at the
35msec pulse width, was reduced to 2%. The system could still not implement the
settings for a 0.5mTpp AC magnetic field with a pulse width of 35msec because this
configuration required an integration resistance larger than the capability of the system.
As a result of the voltage signal calibration, integration resistances larger than that
designed for the system are required to achieve the full operational range of the AC

waveform.

At small pulse widths, deviations in the implemented settings occurred because the
change in integrator resistance between pulse width settings challenged the resolution of
the programmable waveform generator. Since this is the nature of the equipment, it can
not be easily accommodated for without a redesign of the hardware. Fortunately, the error
from this limitation was less than 1% between the user-specified and implemented AC

field setting on the programmable waveform generator.

The error between the desired implemented setting and experimentally measured AC
voltage magnitude was a maximum of 10%. Figure 6-5 shows the error measurements for
the output voltage signal that encompassed the entire AC field range of the programmable
waveform generator. Obtaining the measurements for this analysis had an error of

+10mV, due to the £5mV signal noise detected by the oscilloscope. This corresponds to a

126



2% to 11% error in the overall measurement depending on whether a 2.5mTpp (454mVpp)
or 0.5mTpp (91mVpp) AC field setting was configured into the system. The error between
desired settings and experimentally measured voltage waveforms can be largely
accounted for by the error in obtaining the measurements with the oscilloscope. It was

less than 10% for the 0.5mTpp signal and less than 5% for the 2.5mTpp signal.

On average, the programmable waveform generator was overestimating the required
voltage magnitude throughout the operational range of the system. As the magnetic field
setting was increased, so did the accuracy of the system. According to the average error,
if a 3% reduction was incorporated into the AC voltage system calibration, the
performance of the programmable waveform generator would improve for magnetic field
settings of 0.5mTpp to 1.5mTpp, but decrease for 2.5mTpp settings. However, since there
was a significant error in obtaining the measurements for this analysis, the effectiveness

of these system modifications will be investigated in future designs.

Waveform Generator AC Voltage Error versus Pulse Width
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Figure 6-5: AC voltage error of the programmable waveform generator versus pulse

width

127



The accuracy of the DC bias for the voltage waveform could be improved during the
active portion of the waveform duty cycle if a 4% increase was incorporated into the DC
voltage system calibration. In regards to the off-time portion of the waveform duty cycle,
the system was very accurate because it took advantage of the calibration factors for the

AC waveform.

The error between the desired implemented setting and experimentally measured AC
magnetic field strength was a maximum of 32%. As shown in figure 6-6, the error was
increased when the magnetic field strength was decreased. In all of the test conditions,
the measured magnetic field was less than the desired setting. At small pulse widths, this
error increased due to the inductance of the coil set. Inductance reduced the magnitude
and rate of change of the current that can flow through the coil. This affected the resulting
magnetic field and reduced the accuracy of the programmable PEMF generation system.
At pulse widths greater than 15msec, the effect of coil inductance was no longer
significant. However, there was still an average error of 5% to 7% between desired

settings and measured magnetic field strengths.

AC Magnetic Field Error verus Pulse Width
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Figure 6-6: AC magnetic field error by the coil set versus pulse width

128



This discrepancy between the desired setting and measured magnetic field strength could
be due to sensor calibration, waveform measurement, and current and magnetic field
modelling. The output of the magnetic field sensor is regulated by characteristics of
sensitivity, linearity and symmetry that are dependant upon the supply voltage and
ambient operating temperature of the device. Since the supply voltage was increased by
10% from the nominal voltage for the sensor, if temperature effects are neglected, the
ratiometric sensitivity should also increase by 10%. Unfortunately, information provided
on the data sheet does not clearly explain this effect in regards to temperature and supply
voltage. It is possible that the sensor sensitivity was increased by only 1.25%. As a result,
the measured magnetic field strengths could be increased up to 10%, thereby greatly

reducing the error when compared to the desired settings.

In regards to the amplified sensor signal, there was a noise level of approximately +25mV
or +0.05mT. Hence, the error in obtaining a measurement is £0.1mT; 4% to 20% for an
AC magnetic field range of 2.5mTpr to 0.5mTpp respectively. Although the
instrumentation amplifier has DC and AC common mode rejection ratios of
approximately 90dB to 110dB, it will amplify any differential input signal. Since the

noise is inherently random, it will remain as part of the differential signal.

The modelling of the magnetic field used several assumptions about the coil set. In
reality, each of the coil turns has a slightly different radius and vertical placement within
the coil set. The coil current applied to this magnetic field model ignored the effect of
mutual inductance in the coil set on the resulting current magnitude. The removal of these
assumptions should increase the accuracy of the modelled magnetic field. It is possible to
implement this advanced model through a reprogramming of the firmware on the
programmable waveform generator. However, a simpler method to increase the AC
magnetic field accuracy to within 10% of expected values is to incorporate the average
error represented in figure 6-6. Based on experimental analysis, this information could
skew the configuration of the magnetic field depending upon the selected pulse width of

the ramp waveform.
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The magnitude of the DC magnetic field during the active portion of the waveform duty
cycle could be increased by 7% to improve the accuracy of the programmable PEMF
generation system. This was equivalent to the error in the AC magnetic field at large
pulse widths. On the other hand, the DC magnetic field measured during the off-time

portion of the waveform duty cycle corresponded to the desired settings.
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Chapter 7

7. Application of the Programmable PEMF Generation System

A programmable PEMF generation system has been designed and verified according to
specifications. The purpose of this instrument was to reduce to the work time of
laboratory technicians to set up experiments investigating how PEMFs can alter the
behaviour of chondrocytes. Many experimental protocols can demonstrate the usefulness
of this programmable PEMF generation system. One of these experiments, described in
this thesis, investigated the role of calcium ion resonance in transmembrane channels to
regulate in vitro cultured human chondrocyte morphology. This chapter describes the

experimental setup and outcome of this investigation.

7.1. Objectives

The primary objective of this experimental protocol was to demonstrate an application of
the programmable PEMF generation system as an instrument to expose cultured human

chondrocytes to user-specified PEMFs.

The PEMF settings used to demonstrate this application led to the secondary objective.
The secondary objective was to determine whether the resonance of calcium ions in
transmembrane channels could explain the morphological changes, previously observed

in chapter 3, on in vitro cultured human chondrocytes exposed to specific PEMFs.

7.2. Methodology

7.2.1. Previous Laboratory Evidence

The results of chapter 3 demonstrated that certain PEMF exposure conditions can alter
the morphology of in vitro cultured human chondrocytes. While exposed to specific
PEMF conditions, approximately 35% of the cultured chondrocytes adopted a spherical
morphology instead of the typical stellate morphology. Calcium ions are important for the

regulation of cell shape. In brief, an influx of calcium ions weakens the actin cortical
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meshwork and initiates cell contraction by the actomyosin system [70]. The hypothesis is
that exposing chondrocytes to PEMFs, configured by the model of ion parametric
resonance, can change cell morphology by altering the flux of calcium ions across
transmembrane channels. The theory of ion parametric resonance was described in

chapter 2.

7.2.2. Experimental Setup

This investigation of ion parametric resonance applied three experimental PEMF
conditions to in vitro cultured human chondrocytes. These experimental conditions were
created by the programmable PEMF generation system. The primary waveform produced
by this system was a ramping magnetic field. The ramping magnetic field had a 100%
duty cycle, meaning that the pulse train was continuous. During these experimental trials,
the magnitude of the DC magnetic field was set at 1mT. The AC magnetic field strength
and the duration of the ramp pulse were varied between trials to validate equations 2-1
and 2-2 for ion parametric resonance. These equations used a g/m ratio for the Ca®" ion as
specified by Grande [134]. It was hypothesized that the resonance of calcium ions in

transmembrane channels during PEMF exposure will change chondrocyte morphology.

As shown in table 7-1, the experimental protocol used one resonant and two non-resonant
electromagnetic conditions for the calcium ion. According to equation 2-1, the resonance
of calcium ions should occur at an AC magnetic field strength of 1.84mTpp and a
frequency of 769Hz. Taking into account the 5% reset time for the ramp waveform, this
frequency corresponded to an implemented ramp pulse width of 1.24msec. This resonant
exposure condition used for trial A should promote a change in chondrocyte morphology.
The remaining two experimental trials (B & C) were non-resonant conditions that tested
the validity of ion parametric resonance by varying the ramp pulse width and AC
magnetic field strength respectively. The outcome of these two trials was not predicted to
change chondrocyte morphology. In trial B, the duration of the ramp pulse was reduced
to 1.86msec, corresponding to an effective frequency of 512Hz, while the AC magnetic
field was maintained at the original strength of 1.84mTpp. This tested the validity of

equation 2-1, in the model of ion parametric resonance, since the specified PEMF
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corresponded to a frequency index of 1.5. In trial C, the AC magnetic field strength was
reduced to 0.5mTpp, while the ramp pulse width remained at 1.24msec. This tested the
validity of equation 2-2, since the reduced AC magnetic field strength corresponded to a
reduced probability of calcium ion resonance. This set of three experimental PEMF

conditions, as outlined in table 7-1, was repeated twice to improve the accuracy of the

results.
AC Magnetic Field | DC Magnetic Field | Pulse Width
PEMF Condition (mTpp) (mT) (msec)
A (Resonant) 1.84 1.00 1.24
B (Non-Resonant) 1.84 1.00 1.86
C (Non-Resonant) 0.50 1.00 1.24

Table 7-1: Desired magnetic field settings for the investigation of ion parametric

resonance

Chondrocyte cultures were established using the same preparation procedure as the
experiments of chapter 3. Prior to applying the PEMF treatment, chondrocytes were
reseeded at the desired density (100,000 cells / 30mm dish) after which they were
incubated for twenty-four hours. From the same batch of cultured chondrocytes, both a
control and experimental dish were created for each experimental trial. The experimental
chondrocyte culture dish was placed at the center of the coil set in an incubated
environment of 37°C and 5% CO,. The programmable PEMF generation system was
activated to produce the desired electromagnetic field condition and the experimental
culture dish was exposed for six hours. The control chondrocyte culture dish was
positioned in the corner of the same incubator as the experimental dish; however the

PEMF was not detectable at this location.

Both the experimental and control cells were monitored with a light microscope at
exposure times of Ohr, 3hr and 6hr. The resulting pictures were cropped to an area of
1.25mm x 1.25mm. Upon completion of the experimental trial, these microscope pictures
were visually observed for significant changes in morphology between the control and
experimental cultures during the six hour exposure period. If a significant change in

chondrocyte morphology was visually detected, as a result of PEMF exposure, the
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pictures would be further analysed using ImagelJ software. Use of this software would
allow an in-depth analysis of individual cells in the culture. Cells would be individually
labelled, and characterized according to morphology and surface contact area. Previous
experimentation, outlined in chapter 3, provided an expected change in morphology from

stellate to spherical, accompanied by a decrease in surface contact area, if the cells were

to be affected by the PEMF exposure.

Microscope pictures were also obtained twenty-four hours after the completion of PEMF
exposure. An assessment of chondrocyte viability, based upon cell proliferation,

determined whether PEMF exposure had long-term effects on biological processes.

7.3. Results

The primary objective was to demonstrate the application of the programmable PEMF
generation system for exposing cultured chondrocytes to a user—spéciﬁed pulsed
electromagnetic field. Although the accuracy of the magnetic field generation degraded at
small pulse widths, the specified electromagnetic conditions were still achieved by the
system. However, the settings as specified on the system were not the same as the
measured magnetic field. The programmed PEMF settings were altered from the original
values until the desired measurements were obtained. Table 7-2 lists the implemented
settings required to achieve the desired magnetic field conditions. The implemented
settings varied the most from the original settings when defining the AC magnetic field.
At short pulse widths, the inductance of the coil set reduced the current magnitude and
hence the resulting AC magnetic field. In order to achieve a magnetic field strength of
1.84mTpp at a pulse width of 1.24msec, the maximum programmable AC magnetic field
strength of the programmable waveform generator had to be increased from 2.5mTpp to

2 .6n’lTpp.

Regardless of the difficulty in obtaining the desired magnetic field, this experimental
procedure was able to demonstrate an application of the programmable PEMF generation
system. The cultured human chondrocytes could be placed within the coil set and

exposed to a consistent electromagnetic field for the duration of these experiments.
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Implemented Settings
AC Magpetic Field | DC Magnetic Field | Pulse Width
PEMF Condition (mTpp) (mT) (msec)
A (Resonant) 2.60 0.97 1.24
B (Non-Resonant) 2.30 1.00 1.86
C (Non-Resonant) 0.60 1.03 1.24

Table 7-2: Implemented user settings for the programmable PEMF generation system to

achieve experimental conditions A, B and C

The secondary objective of these experiments was to investigate the resonance of calcium
ions in transmembrane channels as the mechanism used to alter the morphology of
chondrocytes. Microscope pictures obtained during the experimental exposure conditions
are shown below. As a precursor, the experimental results were the same for all of the
testing conditions (trials A, B and C in table 7-1). Therefore an overview of each

observation time is provided which applied to all testing conditions.

The chondrocytes were monitored prior to their exposure to an electromagnetic field. As
shown in figure 7-1, the overall chondrocyte morphology was stellate or spindle for both
the control and experimental cultures. This morphology is typical of chondrocytes that

are attached to the surface of a Petri dish, since they will extend their cellular processes.

(a) (b)
Figure 7-1: Microscope pictures of the chondrocytes prior to PEMF exposure for (a) the
control dish and (b) the experimental dish
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Examination of the microscope pictures obtained after three hours of PEMF exposure
(figure 7-2) yielded the same observations for all three experimental conditions.
Regardless of whether the experimental chondrocyte cultures were exposed to a resonant
or non-resonant electromagnetic field, there was no significant morphological change
when compared to the control cultures. As shown in figure 7-2, the overall morphology

of both the control and experimental chondrocyte cultures was either stellate or spindle.

(a) e ()
Figure 7-2: Microscope pictures of the chondrocytes after three hours of PEMF exposure
for (a) the control dish and (b) the experimental dish

After six hours of PEMF exposure, the microscope pictures yielded the same observation
for all three experimental conditions. As shown in figure 7-3, there was no significant
change in chondrocyte morphology when the experimental cultures were compared to the
control cultures. Overall, both chondrocyte cultures possessed either a stellate or spindle
morphology. There was the occasional chondrocyte that possessed a spherical
morphology in both the control and experimental cultures. Unfortunately this effect could
not be attributed to the PEMF exposure since it was not specific to the experimental
culture. Both the control and experimental chondrocyte cultures were temporarily
removed from the controlled environment of the incubator to obtain microscope pictures.
This also caused the concentration of CO, within the incubator to drop from its regulated
value of 5%. Previous experimentation by this laboratory has demonstrated that a low

CO, environment caused chondrocytes to adopt a spherical morphology.
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(@) (b)
Figure 7-3: Microscope pictures of the chondrocytes after six hours of PEMF exposure

for (a) the control dish and (b) the experimental dish

Lastly, the chondrocytes were observed twenty-four hours post exposure to assess cell
viability. Microscope pictures for both the control and experimental cultures indicated an
increase in cell density during the twenty-four hours since PEMF exposure. As shown in
figure 7-4, the extent of cell proliferation in the experimental culture is approximately the
same as in the control culture. As a result, PEMF exposure did not have any long-term

effects on biological processes in the chondrocyte.

(a) (b)
Figure 7-4: Microscope pictures of the chondrocytes twenty-four hours after removal

from the PEMF exposure for (a) the control dish and (b) the experimental dish
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7.4. Conclusion

Overall, the primary objective for this experiment was achieved. The programmable
PEMF generation system was demonstrated to be an effective tool for exposing cultured
human chondrocytes to an electromagnetic field. The system was easy to program by the
user and under the majority of settings produced the desired magnetic field without

further adjustments.

In regards to the secondary objective, the morphology of in vitro cultured human
chondrocytes was unaffected by PEMF exposure tuned to calcium channel resonance. As
a result, the theory of ion parametric resonance, applied to calcium ions in
transmembrane channels, could not predict the chondrocytes change to a spherical

morphology during exposure to specific PEMF conditions.
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Chapter 8

8. Conclusion and Future Recommendations

The objectives of this research were to explore the design and application of a
programmable PEMF generation system for osteoarthritis research. This work completed
the design of a microprocessor controlled PEMF system and demonstrated the use of the
designed system in exposing cultured chondrocytes to a user-specified electromagnetic
field. In a laboratory environment the use of this system reduced the amount of hardware
required to generate the desired electromagnetic field. As well, the laboratory technician
and cell biologist can focus on performing the desired chondrocytic tests with the
exposed cells, rather than the configuration of the electrical components. This system
receives the user specifications through a computer connection and automates the
generation electromagnetic fields using custom firmware for a microcontroller that

configures the hardware components.

8.1. Conclusion

This thesis introduced the issue of osteoarthritis and the need for a programmable PEMF
generation system to assist studies in the research environment. A literature review
encompassed human joint anatomy, cartilage repair, and cellular exposure to static
electric, static magnetic and electromagnetic fields. The discussed literature provided an
understanding to the physiology of cartilage and the issues of osteoarthritis. This
provided justification to the current research activities underway throughout the world, in

attempt to find a better non-invasive treatment for osteoarthritis.

A series of experiments were performed to investigate the effects of chondrocytes under
exposure to PEMFs. The results demonstrated that under certain exposure conditions, in
vitro cultured human chondrocytes experience a change in their morphology. The result
of this study indicated a general trend from a stellate to spherical morphology and was

published in the Journal of Medical and Biological Engineering and Computing [135].
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To reduce the amount of time to set the electronic equipment to perform experiments, a
programmable PEMF generation system was proposed that automates the generation a
ramp electromagnetic field. The user can specify electromagnetic parameters within a
predetermined operating range for AC magnetic field strength (0.5mTpp to 2.5mTpp), DC
magnetic field strength (OmT to 1.25mT), pulse width (Imsec to 35msec), duty cycle
(10% to 100%) and pulse train (1 to 25 pulses per train).

Before the system was designed, a theoretical model was established for the
electromagnetic field produced by a current flow through a coil set. The theoretical model
started with a simplified on-axis single coil magnetic field model and then expanded to
calculate the magnetic field within the entire spatial void of a coil pair. From this
resulting model, the uniformity of the magnetic field used to expose cultured
chondrocytes was assessed. Lastly, this electromagnetic field model determined the

theoretically induced electric fields.

The design of the programmable PEMF generation system can be divided into three main
components: coil set, coil driver and programmable waveform generator. Whereas the
development of the coil set and coil driver was faced with only hardware issues, the
development of the programmable waveform generator was represented in terms of both

hardware and software issues.

The resulting system was tested for its ability to meet the specified operating range of the
generated electromagnetic field. The programmable PEMF generation system underwent
a calibration procedure to best align the theoretical and experimental results for both the
programmable waveform generator output signal and the generated magnetic field.
Following this calibration, the system was verified across both the AC and DC field
operating ranges. Due to the decreased SNR at the minimum AC magnetic field setting of
0.5mTpp, the error between desired and measured voltage signals from the programmable
waveform generator reached 10%. Considering only the measurements obtained at

1.5mTpp and 2.5mTpp settings reduced the error to a maximum of 5%. As a general trend,
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the accuracy of the programmable waveform generator was reduced at smaller pulse

widths.

In terms of the generated magnetic field, the error between desired and experimental AC
magnetic field measurements reached a maximum of 32%. In all of the test conditions,
the measured magnetic field was less than the theoretical value. At a small pulse width,
this error became more significant due to the increased contribution from the inductance
of the coil set. At pulse widths greater than 15msec, the influence from the inductance of
the coil set was insignificant. However, there was still an average error of approximately

5% to 7% between desired and measured magnetic field values.

Lastly, the programmable PEMF generation system was used for its application in
osteoarthritis research. The system was demonstrated as a tool to expose in vitro cultured
human chondrocytes to user-specified pulsed electromagnetic fields. The resonance of
calcium ions in transmembrane channels was suggested as a mechanism to explain the
previously observed changes in chondrocyte morphology due to PEMF exposure.

Unfortunately, experimental results did not support this prediction.
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8.2.

Future Recommendations

The design and application of the programmable PEMF generation system could be

enhanced with the following recommendations. These recommendations relate to system

accuracy, system portability, and the future focus of the cultured chondrocyte studies.

In terms of system accuracy, there are three general recommendations:

Y

2)

3)

The accuracy of the proposed multiple-coil PEMF model can be improved by
several methods. One method is to eliminate average coil dimensions and
incorporate the actual coil thickness and height. The other method is to take into
account the effect of coil inductance on the calculated input current to this PEMF

model.

The incorporation of real-time feedback from a magnetic field sensor will permit
the microcontroller to automatically adjust the settings of the connected hardware

to match desired with experimental values.

A redesign of the coil set should be considered to optimize characteristics of
resistance and inductance, and to maximize the performance of the programmable

PEMF generation system.

In terms of system portability, there are two general recommendations:

1y

Onboard power management should be established for the coil driver, thereby
removing dependence on the proper setting of an external power supply. A power
adapter for a 120V wall socket could also be established for this system. The
incorporation of these features will reduce the cost and size of the system, and
improve portability in a clinical setting by eliminating the need for an external

power supply.
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2)

The programmable waveform generator can also be powered from a battery pack;
useful for clinical applications with patients. Removing power cables between the
coil driver and programmable waveform generator is a good design choice since it

separates the power supplies for the digital and analog circuits.

In terms of the future focus of the in vitro cultured human chondrocyte studies, there are

six general recommendations:

1)

2)

3)

4)

3)

Examining the effect of PEMFs on chondrocyte morphology has limited
application, since it is not clear how they are affected. Rather experiments should
examine the effect of PEMF exposure on protein synthesis. Monitoring the
synthesis of collagen and proteoglycan by chondrocytes can be used to establish

non-invasive treatments for osteoarthritis.

Operating windows for PEMF exposure can be reinvestigated using protein
analysis. The main operating windows are focused on the range of frequency, and
AC and DC magnetic field strength that optimize the synthesis of proteins by

chondrocytes.

Establish the minimal exposure energy to alter chondrocyte behaviour. A minimal
exposure energy would investigate the waveform parameters of magnetic field
strength, duty cycle and pulse train. This will assist the development of a portable

system for future clinical applications.

The ability of PEMFs to control the migration of chondrocytes has not been
investigated. Future experiments can establish whether the electric fields induced
by the programmable PEMF generation system are sufficient for the regulation of

this behaviour.

Modify the incubator environment to include a microscope viewing port. This will

increase the reliability of experiments, since the cell cultures are not moved
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6)

during exposure for the purpose of obtaining pictures. As well, video microscopy
could provide a time-elapsed representation of either morphological or

migrational effects on chondrocytes due to PEMF exposure.

Transition from the use of in vitro cultured human chondrocytes grown in a
monolayer to a cartilage matrix. In a pressure controlled environment, a cartilage
matrix is representative in vivo human cartilage tissue. Success at the level of
cartilage matrices will assist the transfer of PEMF experiments to clinical trials on

patients with osteoarthritis in their joints.
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Appendix A: Coil Driver Schematics
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Appendix C: Magnetic Field Sensor Schematics
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