UC Berkeley
UC Berkeley Electronic Theses and Dissertations
Title
A Theoretical Analysis of Singularity-induced Micro-electroporation and its Applications

Permalink
https://escholarship.org/uc/item/6398q4r6

Author
Troszak, Gregory David

Publication Date
2011
Peer reviewed|Thesis/dissertation

eScholarship.org

Powered by the California Digital Library
University of California

A Theoretical Analysis of Singularity-induced Micro-electroporation and its Applications
By
Gregory David Troszak

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Engineering – Mechanical Engineering
in the
Graduate Division
of the
University of California, Berkeley

Committee in charge:
Professor Boris Rubinsky, Chair
Professor Stanley A. Berger
Professor Harold Lecar
Spring 2011

TABLE OF CONTENTS
Chapter 1: Introduction.................................................................................................... 1
1.1 Electroporation................................................................................................... 1
1.1.1 Brief Introduction to Electroporation...............................................1
1.1.2 Early Experimental Studies..............................................................1
1.1.3 Electroporation Mechanism............................................................. 2
1.1.4 Electroporation Parameters.............................................................. 5
1.1.5 Electroporation Models.................................................................... 6
1.1.6 Electroporation Applications......................................................... 13
1.1.7 Performing Electroporatoin in vitro............................................... 14
1.2 Motivation and Dissertation Overview............................................................ 18
1.2.1 Singularity-induced Micro-electroporation and the Microelectroporation Channel................................................................. 20
1.2.2 Dissertation Overview................................................................... 22
Chapter 2: The Primary Current Distribution Model................................................. 23
2.1 Introduction...................................................................................................... 23
2.2 Methods............................................................................................................23
2.2.1 Non-dimensionalization of the Primary Current Distribution
Model............................................................................................. 24
2.2.2 Solution of the Primary Current Distribution Model..................... 26
2.2.3 Preliminary Coupled Thermal Model............................................ 26
2.3 Results.............................................................................................................. 28
2.3.1 Primary Current Distribution Finite Element Model Verification. 28
2.3.2 Non-dimensional Primary Current Distribution Model Results
Without Cells................................................................................. 28
2.3.3 Non-dimensional Primary Current Distribution Model Results
With Cells...................................................................................... 30
2.3.4 Coupled Thermal Model Results................................................... 31
2.4 Discussion........................................................................................................ 32
2.5 Potential Applications...................................................................................... 33
2.5.1 Water Sterilization......................................................................... 33
2.5.2 Cell Transfection............................................................................34
2.6 Summary.......................................................................................................... 35
Chapter 3: The Secondary Current Distribution Model............................................. 37
3.1 Introduction...................................................................................................... 37
3.2 Methods............................................................................................................38
3.2.1 Modified, Non-dimensional, Primary Current Distribution Model
for Analyzing the Effect of Insulator Thickness in the Microelectroporation Channel................................................................. 38
3.2.2 Secondary Current Distribution Model of Singularity-induced
Micro-electroporation.................................................................... 40
3.3 Results.............................................................................................................. 45
3.3.1 Non-dimensional Primary Current Distribution Model for
Analyzing the Effect of Insulator Thickness..................................45
i	
  

3.3.2

Secondary Current Distribution Model of Singularity-induced
Micro-electroporation.................................................................... 46
3.4 Discussion........................................................................................................ 48
3.4.1 Effect of Insulator Thickness......................................................... 48
3.4.2 Secondary Current Distribution Model of Singularity-induced
Micro-electroporation.................................................................... 49
3.5 Summary……………...................................................................................... 50
Chapter 4: Self-powered Micro-electroporation.......................................................... 52
4.1 Introduction...................................................................................................... 52
4.2 Methods............................................................................................................53
4.2.1 Current Density Boundary Conditions...........................................55
4.3 Results and Discussion.................................................................................... 58
4.4 Summary.......................................................................................................... 61
Chapter 5: Dissertation Summary and Future Work.................................................. 62
5.1 Dissertation Summary......................................................................................52
5.2 Future Work..................................................................................................... 64
References......................................................................................................................... 67
Appendix 1: Analytical Solution to Non-dimensional Primary Current Distribution
Model Without Cells and An Infinitesimally Small Insulator..................................... 73
Appendix 2: Primary Curret Distribution Model and Non-dimensional Primary
Current Distribution Model Finite Difference Code.................................................... 76

ii	
  

Abstract
A Theoretical Analysis of Singularity-induced Micro-electroporation and its
Applications
by
Gregory David Troszak
Doctor of Philosophy in Engineering – Mechanical Engineering
University of California, Berkeley
Professor Boris Rubinsky, Chair
Electroporation – the permeabilization of the cell membrane lipid bilayer due to a
pulsed electric field – has important implications in the biotechnology, medicine, and
food industries. Although the physical mechanism that causes electroporation is not
entirely understood, it is believed that pulsed electric fields significantly increase the
potential difference across the cell membrane, resulting in the formation of pores.
Depending on the magnitude and duration of a pulsed electric field, membrane
permeabilization is either reversible or irreversible. Reversible electroporation is
commonly used to transfer macromolecules such as proteins, DNA, or drugs into cells,
and the destructive nature of irreversible electroporation makes it suitable for cell
ablation and sterilization.
Most electroporation devices have facing electrodes that generate uniform electric
fields. Consequently, the magnitudes of these electric fields are inversely proportional to
the distance between the electrodes. Since reversible and irreversible electroporation
require electric field magnitudes on the order of 1 and 10 kV/cm, respectively, large
potential differences are required to induce electroporation. Reducing the potential
difference required to perform electroporation eliminates the need for a power supply,
making electroporation cheaper and more accessible.
Singularity-induced micro-electroporation – an electroporation configuration
composed of two adjacent electrodes separated by a nanoscale insulator – aims to reduce
the potential difference required to perform electroporation. Application of a small
potential difference between the electrodes creates a radially varying electric field
emanating from the insulator. Secondary current distribution models of singularityinduced micro-electroporation show that applying a potential difference as low as 2.9 V
creates an electric field that is capable of inducing reversible and irreversible
electroporation. To date, the lowest potential difference used to perform irreversible
electroporation is ~20 V. More impressively, these models demonstrate that the ohmic
drops in galvanic electrochemical cells can generate electroporation-inducing electric
fields, enabling the creation of a self-powered micro-electroporation device.
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CHAPTER 1: INTRODUCTION
1.1 ELECTROPORATION
1.1.1 Brief Introduction to Electroporation
Electroporation is the term used to describe the permeabilization of bilayer lipid
membranes due to an elevated transmembrane potential caused by a pulsed electric field
[Weaver and Chizmadzhev 1996]. Although the mechanism for this permeabilization is
not entirely understood, experimental and theoretical evidence strongly suggest that it is
caused by the formation of pores in the bilayer lipid membrane [Wong and Neumann
1982; Neumann et al. 1982; Sugar et al. 1987; Zimmerman et al. 1974; Abidor et al.
1979]. The extent of pore formation primarily depends on the strength and duration of the
pulsed electric field, causing membrane permeabilization to be reversible or irreversible
[Weaver and Chizmadzhev 1996; Ho and Mittal 1996]. Reversible electroporation is
commonly used to transfer macro-molecules such as proteins [Ho and Mittal 1997], DNA
[Neumann et al. 1982; Prassana and Panda 1997], and drugs into cells [Tsong and
Kinosita 1985], while the destructive nature of irreversible electroporation makes it
suitable for sterilization [Knorr et al. 2001; Mastwijk and Bartels 2004; Wouters et al.
1999; Sale and Hamilton 1967; Sale and Hamilton 1968; Hamilton and Sale 1967] and
tissue ablation [Davalos et al. 2005; Rubinsky et al. 2007].
1.1.2 Early Experimental Studies
Beginning in the mid-1900’s researchers began noticing the damaging effects of
strong electric fields on biological cells. Stämpfli reported the reversible electrical
“breakdown” at the nodes of Ranvier in nerves in 1958 [Stämpfli 1958]. About a decade
later, Sale and Hamilton published a series of articles reporting the damaging effects of
high electric fields on microorganisms [Sale and Hamilton 1967; Sale and Hamilton
1968; Hamilton and Sale 1967]. According to their work, applying direct current electric
field pulses with magnitudes up to 30 kV/cm to bacteria and yeast, and 25 kV/cm to
erythrocytes and protoplasts caused the non-thermal destruction of the microorganisms.
They found that the extent of cell death in the population depended on the product of the
pulse length and duration, as well as the field strength. Furthermore, they suggested that
potential conformational changes in the membrane structure of the cells ultimately led to
the loss of their semipermeable properties.
In the 1970’s researchers began to more accurately characterize membrane
permeabilization using vesicles and planar bilayer membranes. Neumann and Rosenheck
found that biogenic amines contained in vesicles were released upon application of 20
kV/cm exponentially decaying pulses [Neumann and Rosenheck 1972]. Additionally, a
series of papers regarding the permeabilization of planar bilayer lipid membranes by
Arakelyan, Chizmadzhev, and Pastushenko led to the development of the first theory of
electroporation, transient aqueous pore theory [Abidor et al. 1979; Pastushenko et al.
1979; Chizmadzhev et al. 1979; Pastushenko et al. 1979; Arakelyan et al. 1979;
Pastushenko et al. 1979; Pastushenko et al. 1979].
1	
  

Later in the decade, it was shown that membrane permeabilization could be
reversed. Kinosita and Tsong showed that the permabilization of a suspension of
erythrocytes could be controlled and that foreign molecules could be introduced into their
interiors [Kinosita and Tsong 1977; Kinosita and Tsong 1978]. In a later study, Kinosita
and Tsong sought to further characterize the electro-permeabilization of erythrocyte
suspensions by measuring the time-dependent conductance upon exposure of a high
electric field [Kinosita and Tsong 1979]. They showed that application of electric field
magnitudes larger than 3 kV/cm led to a rapid (~1 µs) increase in suspension conductance
(~10 Ω/cm) followed by a slower (~100 µs) increase to approximately 102 Ω/cm. After
the applied field was removed, the suspension conductance returned to its initial value.
Almost concurrently, Benz, Beckers, and Zimmermann showed that lipid membranes
composed of oxidized cholesterol could repeatedly experience electrical breakdown
without compromising membrane stability [Benz et al. 1979]. In 1982, Neumann used the
reversible nature of electro-permeabilization to effectively transfect mouse lyoma cells
with DNA containing the herpes simplex thymidine complex kinase gene [Neumann et
al. 1982]. It was in this seminal work that the term ‘electroporation’ was coined.
Following Neumann’s work, a substantial amount of research has gone into
further understanding electroporation and developing new applications for it. Numerous
theories and mathematical models of electroporation have been proposed with the hope
that better understanding will lead to more practical applications (Section 1.1.5).
Furthermore, despite the lack of mechanistic understanding, numerous practical
applications for electroporation have been proposed and researched (Section 1.1.6).
1.1.3 Electroporation Mechanism
Electroporation occurs due to the application of a strong electric field pulse (at
least ~1 kV/cm). To date, there is no direct evidence (membrane level imaging) that
membrane permeabilization is due to the formation of pores. However, indirect evidence
for pore formation is plentiful, and all accurate models of the phenomena use the
transient aqueous pore theory. Based on this theory and experimental observations, it has
been determined that there are six steps involved in the electroporation process:
1. The application of micro or millisecond electrical pulses to produce transient,
elevated transmembrane potentials (0.2-1 V) and resultant electric field
magnitudes (~1000 kV/cm) across the membrane.
2. Due to the elevated transmembrane potential, the charging of the membrane due
to ion flow.
3. The rapid, localized rearrangement of the molecular structure of the membrane.
4. Upon rearrangement, the formation of stable, hydrophilic pores across the
membrane.
5. Due to these pores, an increase in ionic and molecular transport through the
membrane.
6. Depending on the strength and duration of the applied electric field, membrane
recovery or destruction.
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Steps 3, 4, and 6 are the essence of the electroporation mechanism and entail the creation,
evolution, stabilization, and (possibly) resealing of pores in the bilayer lipid membrane
[Weaver 2003].
The bilayer lipid membrane is composed of two layers of phospholipid molecules
(Figure 1.1). It is this unique structure that makes biological cells impermeable to most
water-soluble molecules and ions, and enables embedded proteins to regulate molecular
and ionic transport into and out of the cell. Each phospholipid molecule consists of two
hydrophobic hydrocarbon chains attached to a hydrophilic triglycine head. Therefore,
phospholipid molecules are considered amphiphilic [Alberts et al. 2007]. To form the
bilayer lipid membrane, the hydrophobic hydrocarbon chains align in the center of the
bilayer, leaving the hydrophilic heads exposed to fluid on either side of the bilayer.

Figure 1.1: Schematic of the bilayer lipid membrane. Each layer contains a series of
phospholipids composed of a hydrophilic triglycine head and two hydrophobic
hydrocarbon chains. These chains align in the center of the bilayer, leaving the
hydrophilic heads exposed to fluid on either side of the bilayer.
Two aspects of the bilayer lipid membrane structure are relevant to
electroporation: (1) the non-polar hydrophobic chains will have fluid-like properties, and
(2) the polar heads will interact strongly with one another and the surrounding fluid
depending on the combined Coulombic and dipolar forces [Lewis 2003].
Although the bilayer lipid membrane is impermeable to most water-soluble
molecules and ions, it is permeable to water and some lipid-soluble low-molecularweight molecules. The rate that one of these molecules passes through the membrane
depends on their ability to enter the fluid-like hydrophobic region.
The polar heads on either side of the membrane are exposed to conducting
solutions. Therefore, the bilayer lipid membrane acts as a capacitor with a lossy dielectric
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(due to its selective permeability). In the presence of a strong external electric field, the
membrane will become heavily polarized, altering the energy of the bilayer. This
alteration enables a structural change, which can ultimately lead to the creation of pores.
Pore creation is primarily governed by the transmembrane potential induced by an
external electric field [Tsong 1991; Weaver and Chizmadzhev 1996; Weaver 2003]. At
large transmembrane potentials, thermal fluctuations within the bilayer lipid membrane
prompt a structural change, which seeds the creation of a hydrophobic pore (Figure
1.2A). Following creation, hydrophobic pore expansion may occur depending on the
magnitude and duration of the external electric field (Figure 1.2B). If the external electric
field is able to elevate the transmembrane potential for a long period of time (~1 µs), the
local bilayer energy lowers, allowing for pore expansion [Kinosita and Tsong 1977].
Once the local transmembrane potential reaches a metastable state, pores may stabilize by
transitioning from a hydrophobic to a hydrophilic state (Figure 1.2C). Pores in a
hydrophilic state enable the passage of molecules through the bilayer lipid membrane
[Neumann et al. 1982]. Finally, upon removal of the external electric field, pores may
reseal, returning the bilayer lipid membrane to its original state (Figure 1.2D) (this is not
the case for irreversible electroporation, Section 1.1.3.1) [Tsong 1991; Weaver and
Chizmadzhev 1996; Weaver 2003].

Figure 1.2: (A) Thermal fluctuations in a bilayer lipid membrane exposed to a high
electric field seed the creation of a hydrophobic pore. (B) Long exposure (~1 µs) to a
high electric field lowers the bilayer lipid membrane energy, allowing hydrophobic
pore expansion. (C) Once the local transmembrane potential reaches a metastable
state, the pore stabilizes by transitioning to a hydrophilic state. (D) Upon removal of
the high electric field, the pore reseals (not the case for irreversible electroporation).
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1.1.3.1 Reversible and Irreversible Electroporation
Pore creation, expansion, and stabilization occur in both reversible and
irreversible electroporation. The main distinction between the two modes of
electroporation is whether or not pores reseal; pores reseal in reversible electroporation
and do not in irreversible electroporation. In irreversible electroporation, the absence of
pore resealing can be traced back to the expansion phase of the electroporation
mechanism.
Recall that pore expansion depends on the magnitude and duration of the external
electric field [Kinosita and Tsong 1977]. High magnitude electric fields are needed for
both reversible and irreversible electroporation (irreversible electroporation generally
uses higher electric field magnitudes, on the order of 10 kV/cm, than reversible
electroporation, on the order of 1 kV/cm, to accelerate cell inactivation and killing) [Sale
and Hamilton 1967; Weaver 2003]. The main difference between reversible and
irreversible electroporation is the duration of time the external electric field is applied
[Weaver 2003]. By exposing a bilayer lipid membrane to a strong electric field for a long
period of time, the local bilayer energy lowers to such an extent that pore expansion is
uncontrolled. This uncontrolled expansion can lead to the rupturing of the bilayer lipid
membrane. In a biological cell, this rupturing is called cell lysis. Even if cell lysis does
not immediately kill the cell, the biochemical imbalance that it creates is inevitably lethal.
It is this uncontrolled pore expansion that distinguishes irreversible from reversible
electroporation [Weaver 2003].
1.1.4 Electroporation Parameters
There are three external parameters that influence the electroporation mechanism:
electric field magnitude, pulse length, and the number of pulses. Each of the parameters
influences the transmembrane potential, which ultimately dictates the electroporation
mechanism.
1.1.4.1 Electric field magnitude
Electric field magnitude has the largest influence on the electroporation
mechanism because it (1) triggers pore formation and (2) influences the location of pore
formation.
When the transmembrane potential reaches a threshold value (0.2-1 V),
electroporation occurs [Teissie and Rols 1993]. Therefore, the applied electric field
magnitude must be large enough to surpass this threshold. However, increasing electric
field magnitude does not continuously increase the transmembrane potential because it
also influences the location of pore formation.
Kinosita and coworkers used fluorescent dye to investigate the transmembrane
potential of unfertilized sea urchin eggs exposed to high electric field magnitudes
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[Kinosita et al. 1988]. They observed a saturation of the transmembrane potential at the
poles of the cells (the edges parallel to the electrodes) as the magnitude of the applied
electric field was increased. The saturation of the transmembrane potential was due to the
rapid accumulation of pores at the poles, which effectively shunted the excess current
across the membrane. Therefore, they concluded that the location of local pore formation
is influenced by the applied electric field magnitude.
1.1.4.2 Pulse length
Pulse length is believed to primarily influence the pore expansion process, and
therefore, affect the extent of pore formation. Gabriel and Teissié used dyes to visualize
the electroporation of Chinese hamster ovary cells [Gabriel and Teissié 1997]. Similar to
the results of Kinosita and Tsong, they concluded that the local electric field magnitude
determined the location of pore formation [Kinosita and Tsong 1979]. Furthermore, at a
constant electric field magnitude, they observed an increased flow of dye in cells exposed
to longer pulses, indicating an increase in the extent of pore formation.
1.1.4.3 Number of pulses
The number of pulses primarily affects molecular transport across the bilayer lipid
membrane. Increasing the number of pulses enables the control of pore lifetime,
facilitating the transport of molecules [Gehl and Mir 1999].
1.1.5 Electroporation Models
Electroporation models have been developed primarily from experimental
observations on planar bilayer lipid membranes [Weaver and Chizmadzhev 1996].
Although biological cell membranes are much more complex than planar bilayer lipid
membranes, experimental evidence shows that electroporation occurs at the bilayer lipid
membrane. Based on this evidence, the following three conclusions have been established
[Chen et al. 2006]:
1. Rupture is stochastic [Abidor et al. 1979].
2. The probability for rupture becomes large at a critical transmembrane voltage
[Weaver and Mintzer 1981].
3. The amplitude of the applied electric field dictates destruction or survival [Benz et
al. 1979].
There are two broad categories of electroporation models: (1) models based on
deterministic descriptions of the interactions between the bilayer lipid membrane and an
applied electric field, and (2) models that include a stochastic description of pore
formation. All deterministic models are inconsistent with the observations outlined
above. Conversely, stochastic models are consistent with the above observations and
appear capable of explaining key features of the electroporation mechanism, providing
strong evidence for pore creation [Chen et al. 2006].
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1.1.5.1 Transmembrane potential
Before attempting to model the electroporation mechanism it is important to
understand the transmembrane potential at the bilayer lipid membrane. Fortunately, the
insulating properties and small thickness (~5 nm) of the bilayer lipid membrane amplifies
the applied electric field, increasing the transmembrane potential. The amplification
factor depends on the geometry of the configuration of the bilayer lipid membrane. For a
spherical cell of radius r the transmembrane potential U is:

U = 1.5rEa cos(! )

(1.1)

where Ea is the applied electric field and ! is the angle between the site on the cell
membrane where U is measured and the static direction of Ea [Weaver and
Chizmadzhev 1996]. For the poles of the cell ( ! = 0, " ) the amplification factor is:

Em
r
! 1.5
Ea
h

(1.2)

where h is the thickness of the bilayer lipid membrane. At the poles of a 10 µm diameter
circular cell with a bilayer lipid membrane thickness of 5 nm, the applied electric field is
amplified by a factor of 1500. For a planar bilayer lipid membrane the transmembrane
potential is essentially the same as the applied voltage U a . Therefore, the amplification
factor for a planar bilayer lipid membrane is:

Em L
=
Ea h

(1.3)

where L is the electrode separation distance. Assuming an electrode separation distance
of 10 µm and bilayer lipid membrane thickness of 5 nm, the applied electric field is
amplified by a factor of 2000, which is 25% larger than the amplification factor for the
circular cell.
While these calculations provide reasonable estimates at low frequencies, they are
not valid when a high-frequency electric field is applied. If the applied electric field pulse
is shorter than the time it takes for the bilayer lipid membrane to charge (~1 µs), the
frequency dependence needs to be taken into account. The most common way to account
for the frequency dependence is to assume the bilayer lipid membrane is a resistorcapacitor circuit. In a spherical cell, the frequency-dependent transmembrane potential is:

U = 1.5rEa cos(! )"#1! e!" $%

(1.4)

where ! is a time constant defined by the conductivities of the cytoplasm, cell
membrane, and extracellular fluid [Grosse and Schwan 1992]. Under the specified
circumstances, these relations are applicable until electroporation occurs. The ultimate
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goal of an electroporation model is to determine how the increased permeability of the
bilayer lipid membrane affects the transmembrane potential, which ultimately dictates
how the electroporation mechanism will proceed.
1.1.5.2 Deterministic (non-pore) models
The deterministic description of electroporation is based on the stability of the
bilayer lipid membrane. It was first suggested that the compression of the bilayer lipid
membrane by the applied electric field might cause the membrane to collapse, leading to
rupture [Crowley 1973]. By balancing the pressure exerted on the bilayer lipid membrane
by the applied electric field with the elastic pressure of the membrane, the critical
transmembrane potential leading to rupture can be obtained. The pressure exerted on the
bilayer lipid membrane due to the applied electric field is given by:
Pel =

! mU 2
2h 2

(1.5)

where ! m is the relative dielectric constant for the bilayer lipid membrane (2-2.2).
Assuming constant membrane elasticity Ym , the elastic pressure of the membrane is:
h

Pm = !Ym "

h0

dx
x

(1.6)

where x is the coordinate spanning the thickness of the membrane and h0 is the bilayer
lipid membrane thickness when U = 0 . Equating (1.5) and (1.6) should provide an
equilibrium thickness value for h as a function of U . Ultimately, the model inaccurately
predicts membrane rupture at 39% compression at a critical transmembrane potential of 5
V, which is much higher than experimentally observed.
Another deterministic model assumes the bilayer lipid membrane is a planar layer
of non-conducting liquid separated by two charged conducting liquids. It was thought
that rupture could be modeled by considering the electrohydrodynamic instability of the
non-conducting liquid [Michael and O’Neil 1970]. Stability of the bilayer lipid
membrane was dependent on two types of perturbations: (1) symmetric and (2)
asymmetric. A symmetric perturbation occurs when the two interfaces separating the
non-conducting liquid from the conducting liquid on either side are in phase with one
another. Conversely, an asymmetric perturbation occurs when the two interfaces are out
of phase with one another. Since the bilayer lipid membrane is elastic, symmetric
perturbations are permitted because they put the membrane in compression. Asymmetric
perturbations are not permitted because they put the bilayer lipid membrane in tension.
According to the model, the bilayer lipid membrane is unstable if:
U 2! m > 0.5!h

(1.7)
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where ! is the surface tension. Although this model reasonably predicts a critical
transmembrane potential of 0.375 V, it fails to account for the stochastic nature of
rupture.
1.1.5.3 Stochastic (pore) models
Stochastic models (aqueous pore theory models) account for the surface tension
of the bilayer lipid membrane and how an additional phase (a water-filled pore) affects
the overall energy [Weaver 1993; Weaver and Chizmadzhev 1996]. The surface tension
of the bilayer lipid membrane is positive. Upon application of an electric field, pores
form, which lowers the overall energy of the bilayer lipid membrane.
At a transmembrane potential of 0 V, the energy change in a bilayer lipid
membrane due to the formation of a pore is:
!Wp (r) = 2! r " #" r 2

(1.8)

where ! is the ‘edge energy’, the energy per length along the circumference needed to
form the pore. From (1.8) it is evident that there is an energy gain in the bilayer lipid
membrane due to the creation of a circular rim under strain. However, there is also an
energy reduction due to the loss of membrane surface area upon pore formation [Weaver
and Chizmadzhev 1996].
The transmembrane potential under an applied electric field will not be 0, and
needs to contribute to the energy change due to pore formation. To account for the
transmembrane potential, the effect of the pore on the capacitance of the membrane needs
to be considered. In cells, the bilayer lipid membrane capacitance is typically 5-10
mF/cm2. Assuming the creation of a water-filled pore dramatically increases the
capacitance of the membrane to a new value CLW , given by:
"!
%
CLW = $ w !1' Cm
# !m &

(1.9)

where ! w and ! m are the relative permittivities of water (~80) and the bilayer lipid
membrane (~2-2.2), respectively. Modifying (1.8) to account for this change in
membrane capacitance yields:
!Wp (r) = 2! r " #" r 2 " 0.5CLWU 2 " r 2

(1.10)

which provides a relation between the change in bilayer lipid membrane energy due to
pore formation and the transmembrane potential [Abidor et al. 1979]. A plot of this
relationship is shown in Figure 1.3. The radius at which !Wp = 0 is called the critical
pore radius rc . Once a pore surpasses the critical pore radius it is considered a supracritical pore, and can expand until it reaches a limit determined by the macroscopic
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boundaries of the bilayer lipid membrane. As shown in Figure 1.3, increasing the
transmembrane potential across a bilayer lipid membrane decreases the critical pore
radius, increasing the probability of supra-critical pore formation.

Figure 1.3: Relationship between bilayer lipid membrane energy due to pore
formation and the transmembrane potential. Increasing the transmembrane
potential across a bilayer lipid membrane decreases the critical pore radius,
increasing the probability of supra-critical pore formation.
Although (1.10) provides a solid foundation for physically understanding pore
formation, it neglects two key aspects of the electroporation process: (1) the hydrophobic
nature of pores before stabilization and (2) the change in bilayer lipid membrane surface
tension due to surrounding pores.
Accounting for the hydrophobic nature of newly created pores yields a more
complicated relationship between for bilayer lipid membrane energy change due to pore
formation and transmembrane potential [Glaser et al. 1988; Weaver 1993; Weaver and
Mintzer 1981]. The new relationship is composed of two expressions: one for hydrophilic
pores ( !W1 ) and one for hydrophobic pores ( !W2 ) (Figure 1.4). The hydrophilic pore
expression is essentially the same as (1.10) except that it accounts for the Coulombic
repulsion between polar headgroups at small pore radii. Furthermore, the hydrophobic
pore expression drastically increases with pore radius, which adequately portrays its
unstable nature.
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Figure 1.4: (A) Relationship between bilayer lipid membrane energy due to pore
formation and the transmembrane potential accounting for hydrophobic pores and
the change in bilayer lipid membrane surface tension due to surrounding pores
[Weaver and Chizmadzhev 1996]. (B) A hydrophobic pore surmounting the energy
barrier associated with the critical pore radius rc . (C) A hydrophilic pore at the
local minimum in the bilayer lipid membrane energy change due to pore formation
at equilibrium radius re .
The hydrophilic expression shown in Figure 1.4A also accounts for the change in
bilayer lipid membrane surface tension due to surrounding pores. Joshi and coworkers
noted that assuming a constant bilayer lipid membrane surface tension resulted in an
unacceptably large transmembrane potential for membrane breakdown [Joshi et al. 2002].
To account for the change in membrane surface tension due to pore formation, they
coupled !Wp with the Smoluchowski equation for pore population density dynamics. In
doing so, they created an electroporation model that self-adjusts to the surrounding pore
population.
The trend shown in Figure 1.4A is in agreement with the electroporation
mechanism described in Section 1.1.3. At elevated transmembrane potentials, thermal
fluctuations within the bilayer lipid membrane are more likely to create hydrophobic
pores (Figure 1.4B) that will surmount the energy barrier at the critical pore radius rc ,
and transition to hydrophilic pores (Figure 1.4C). If the local transmembrane potential is
kept constant, hydrophilic pores will maintain an equilibrium pore radius re due to the
local minimum in the bilayer lipid membrane energy change due to pore formation.
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Aqueous pore theory models are successful at explaining the stochastic nature of
electroporation. For instance, Krassowska and Filev have recently presented a model that
determines the transmembrane potential, number of pores, and distribution of pore radii
as functions of time and position on the surface of a circular cell [Krassowska and Filev
2007]. Model predictions of transmembrane potential, spatial pore distribution, extent of
electroporation, and the temporal stages of electroporation are in reasonable agreement
with experimental observations.
1.1.5.4 Molecular dynamics model
A drawback of models that use the aqueous pore theory is that they cannot explain
how the applied electric field interacts with the bilayer lipid membrane [Chen et al.
2003]. Tarek has performed molecular dynamics simulations to gain a better
understanding of this interaction [Tarek 2005]. The results of these simulations showed
‘fingers’ of water molecules penetrating the hydrophobic interior on both sides of the
membrane, regardless of field orientation (Figure 1.6B). Eventually, these ‘fingers’ join
to form water channels that span the membrane (Figure 1.6C). Soon after, lipid
headgroups migrate from the membrane-water interface to the interior channels,
stabilizing the channels (Figure 1.6D). Furthermore, it was found that increasing the
strength of the applied electric field sped up channel formation and stabilization. These
results are consistent with the electroporation mechanism outlined by aqueous pore
theory, providing further validation of the theory and the presence of pores.
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Figure 1.5: Results of Tarek’s molecular dynamics model [Tarek 2005]. Water:
(oxygen: red, hydrogen: white), lipid phosphate: yellow, nitrogen: green, acyl
chains: cyan. (A) Bilayer lipid membrane at equilibrium. (B) When the bilayer lipid
membrane is initially exposed to a traverse electric field, ‘fingers’ of water begin to
form through the membrane. (C) ‘Fingers’ of water begin to attach and be
stabilized by lipid phosphate. (D) Top-down view of bilayer lipid membrane pores.
(E) Side view of bilayer lipid membrane pores.
1.1.6 Electoporation Applications
After Neumann demonstrated the transfection of mouse lyoma cells, a great deal
of research has gone into understanding and controlling the electroporation mechanism
for practical applications. Since electroporation is conceptually simple, and minimal
contact with the cell is required, it has become a standard laboratory practice in the
biological community.
1.1.6.1 Reversible electroporation
Reversible electroporation is by far the most prevalent type of electroporation,
and has numerous uses in the biological sciences. Reversible electroporation is
commonly done in vitro and has been used for numerous applications, primarily
involving the delivery of macromolecules into cells. Below is a list of in vitro reversible
electroporation applications.
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•
•
•
•
•

Transfection
Loading drugs into cells
Loading dyes and tracers into cells
Cell fusion
Electroinsertion of proteins into the cell membrane

Performing electroporation in vivo is more complicated than performing it in vitro
due to safety and the complexity of targeting a specific site within the body. However,
there are a few applications of in vivo reversible electroporation including transdermal
drug delivery [Prausnitz et al. 2004], electrochemotherapy [Heller et al. 1999], and
localized gene therapy [Muramatsu et al. 1998].
1.1.6.2 Irreversible electroporation
Although irreversible electroporation was observed before reversible
electroporation, it wasn’t until recently that researchers became interested in its
application. The early work of Sale and Hamilton demonstrated the low-energy killing of
cells in vitro, which is still used for applications such as sterilization and the extraction of
intracellular components [Sale and Hamilton 1967; Sale and Hamilton 1968; Hamilton
and Sale 1967].
Recent work has primarily focused on in vivo applications of irreversible
electroporation, namely tissue ablation [Davalos et al. 2005; Rubinsky et al. 2007].
Tissue ablation with irreversible electroporation is capable of selectively destroying
cancerous tissue while minimizing detrimental thermal effects. These attributes are
extremely appealing because they promote accelerated healing of the surrounding tissue,
and ultimately improved recovery times. Clinical trials of tissue ablation using
irreversible electroporation have been successfully performed, and research is ongoing.
1.1.7 Performing Electroporation in vitro
Since the main topic of this dissertation proposes a new way to perform in vitro
electroporation, that will be the focus of this section. For an overview of performing
electroporation in vivo, readers are referred to [Muramatsu et al. 1998] and [Rubinsky
2010].
Performing electroporation in vitro is conceptually simple: place a cell or
suspension of cells between two electrodes, connect the electrodes to a power supply that
is regulated by a pulse generator, and apply electric field pulses. However, the details of
this procedure can be dramatically different depending on the scale of the electroporation
procedure. Devices for performing electroporation fall into two categories: (1) macro or
(2) micro devices. Generally, macro-electroporation devices are used for practical
applications (e.g. transfection), while micro-electroporation devices are used to study the
electroporation mechanism.
1.1.7.1 Macro-electroporation
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Macro-electroporation is typically performed in an electroporation cuvette, a
plastic vessel with embedded aluminum electrodes. These cuvettes range in volume from
90 to 800 µL and have electrode separation distances between 1 and 4 mm. Initially, a
suspension of cells is loaded into a cuvette. Next, the cuvette is clamped between two
metal contacts such that the contacts are touching the aluminum electrodes. The metal
contacts are connected to a pulse generator and power supply, and an electric field is
applied to the suspension (Figure 1.6).

Figure 1.6: Schematic of in vitro macro-electroporation. A suspension of cells is
loaded into a cuvette. The cuvette is clamped between two metal contacts such that
the contacts are touching the aluminum electrodes. The metal contacts are
connected to a pulse generator and power supply. An electric field is applied to the
suspension.
While macro-electroporation is capable of treating a large quantity of cells, it has
numerous disadvantages: namely, inconsistent treatment throughout the cell population,
large applied voltages, and large amounts of ohmic heating.
A major disadvantage of macro-electroporation is that the electroporation
parameters have to be determined based on the average properties of the cell suspension
[Andreason 1993]. Recall that the electric field across the cell membrane depends on the
radius of the cell and thickness of the bilayer lipid membrane (See Section 1.1.5.1). Since
these properties can drastically vary throughout a cell population, only a fraction of the
cells are electroporated. For applications such as cell transfection, the electroporation
procedure is considered a success if a fraction of the population survives and expresses
the transfected gene; the transfected cells can then be grown and used for research
[Weaver 2003]. However, for applications requiring a substantial portion of the
suspended cell population to be treated (loading dyes or drugs), the variability in the
electroporation process can be problematic.
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Another disadvantage of macro-electroporation is that it requires the application
of large potential differences. Reversible and irreversible electroporation conservatively
require electric field magnitudes on the order of 1 or 10 kV/cm, respectively [Weaver and
Chizmadzhev 1996; Sale and Hamilton 1967]. Since electroporation cuvettes have
electrode separation distances on the order of 1 mm, the potential differences required for
reversible and irreversible electroporation are 100 and 1000 V, respectively. These
substantial voltages can lead to electrode depletion and bubble formation, both of which
adversely affect the electroporation process [Fox et al. 2006].
Applying substantial electric fields in solution causes ohmic heating – the release
of heat due to passing current through a conductor. The amount of ohmic heating Qgen is
proportional to the conductivity of the solution ! and the magnitude of the applied
electric field:

#$ #$
Q gen = "
+
#x #y

!

2

(1.11)

During an electroporation procedure, ohmic heating can cause temperature increases of
10˚C or more. When performing reversible electroporation, excessive temperature
increases can damage cells, compromising the electroporation process. Furthermore,
when analyzing the electroporation process, ohmic heating can make it difficult to
distinguish between heat and electric field effects [Fox et al. 2006].
1.1.7.2 Micro-electroporation
Micro-electroportion is performed on single cells; therefore, it is primarily used
for analysis. By performing electroporation at such a small scale, a number of the
shortcomings of macro-electroporation can be addressed. The ability to manipulate cells,
small electrode separation distances, and large area-to-volume ratios ultimately lead to a
more controlled electroporation procedure [Fox et al. 2006].
A major advantage of micro-electroporation is the ability to easily handle and
manipulate individual cells. This makes it possible to control the extent of membrane
permeabilization through real-time monitoring of pore formation [Fox et al. 2006]. For
instance, Huang and Rubinsky developed a micro-electroporation chip that uses a
pressure difference to trap individual suspended cells in a micro-hole located between
facing electrodes [Huang and Rubinsky 1999]. When the micro-hole is open, a voltage
pulse between the electrodes produces a measurable current. Conversely, when a cell
becomes trapped in the micro-hole it acts as an electrical insulator between the
electrodes, impeding current flow. This provides verification that a cell is trapped.
However, if voltage pulses are sufficient to induce electroporation, pores in the cell
membrane provide a path for current flow. By measuring this current flow, it is possible
to monitor the extent of membrane permeabilization, enabling control of electroporation.
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The electrode separation distances in micro-electroporation devices are small.
Because of this, relatively low applied potential differences produce large electric field
magnitudes. This minimizes electrode depletion and bubble formation. Additionally,
minimizing the required potential difference simplifies the design of the pulse generator,
which allows pulse forms other than block or exponential decay to be tested [Fox et al.
2006].
Micro-electroporation devices have large area-to-volume ratios, which rapidly
dissipate the ohmic heat generated during an electroporation process. This reduces the
risk of damaging cells and makes it possible to distinguish between heat and electric field
effects.
Unlike macro-electroporation, there is a wide range of micro-electroporation
devices. Most of these devices have focused on analysis, but there are a few that have
been designed to transfect or inactivate cells.
Numerous micro-electroporation devices have been created to analyze cell
content or the electroporation process.
•

Both Gao and coworkers, and McClain and coworkers created microelectroporation devices to release and analyze cellular content [Gao et al. 2004;
McClain et al. 2003]. Gao and coworkers loaded erythrocyte cells into a crosschannel device and used electroosmotic flow to direct a single cell into a
separation channel, where it attached to the channel wall. By electroporating the
cell with a 1400 V pulse, glutathione was released from the cell and subsequently
measured. McClain and coworkers used a similar micro-electroporation device to
measure the release of stains from cells previously loaded with them.

•

As described earlier, Huang and Rubinsky fabricated a micro-electroporation
device that captured and electroporated a single cell in a 2-10 µm hole [Huang
and Rubinsky 1999; Huang and Rubinsky 2001]. Although the electrode
separation distance was 900 µm, by focusing the electric field with the microhole, 60 V pulses could be used to perform electroporation. By monitoring the
electroporation process with impedance measurements, they were able to show a
difference in electroporation behavior between human prostate adenocarcinoma
and rat hepatocyte cells.

•

Valero and coworkers trapped cells in 10-12 µm trapping sites located at the
intersection of two channels [Valero et al. 2005]. Application of a 100 V pulse
generated electric field magnitudes substantial enough to irreversibly
electroporate human promyelocytic leukemic cells to study apoptosis – controlled
cell death.

•

Lee and Tai created a flow-through micro-electroporation device consisting of a
straight, 30 µm high channel with an interdigitated saw-tooth electrode structure
on its bottom surface [Lee and Tai 1999]. Since the tips of the saw-tooth structure
17	
  

have a separation distance of 5 µm, 20 V, 100 µs pulses were able to irreversibly
electroporate various cell types including, yeast, plant protoplasts, and E. coli.
•

Lu and coworkers expanded on the saw-tooth electrode structure developed by
Lee and Tai by created creating a micro-electroporation device that had side-walls
composed of saw-tooth shaped electrodes with a tip distance of 30 µm [Lu et al.
2005]. Using this device, human carcinoma cells were irreversibly electroporated
with a continuous alternating voltage of 6-8.5 V at 5-10 kHz.

The controlled nature of micro-electroporation also makes it suitable for the
transfection of cells. Several micro-electroporation devices aimed at single-cell, as well
as multi-cell, transfection have been fabricated.
•

Lin and coworkers created a 0.2 mm high, 5 mm wide channel with gold
electrodes on the top and bottom surface [Lin et al. 2001]. The relatively small
electrode separation distance allowed them to transfect human hepatocellular
carcinoma cells with ß-galactosidase and green fluorescent protein genes with 10
V, 10 ms pulses.

•

Khine and coworkers used a constriction between two electrodes to focus the
applied electric field [Khine et al. 2005]. A HELA cell trapped in the constriction
released calcein and took in trypan blue upon application of a 1 V potential
difference.

•

Huang and Rubinsky modified their micro-hole electroporation device for use as a
transfection device [Huang and Rubinsky 2003]. A cell captured in the micro-hole
is electroporated, uploaded with foreign molecules, and then released. Using 10
V, 100 ms pulses, cells were loaded with YOYO-1 and green fluorescence
protein.

Fox and coworkers fabricated a micro-electroporation device aimed at
sterilization [Fox et al. 2005]. Their design consisted of a 50 µm deep channel with a 10
µm deep, 30 µm long constriction to focus an applied electric field. Vesicles placed in the
device showed bilayer lipid membrane breakdown when subjected to 800 V, 2 µs pulses.
1.2 MOTIVATION AND DISSERTATION OVERVIEW
The motivation for this work came from a desire to make electroporation a more
accessible technology. Clearly, from a mechanistic standpoint, electroporation is an
extraordinarily complicated process. However, from a practical standpoint,
electroporation is simple: expose cells to a strong electric field and they will either be
permeabilized or destroyed.
While researchers continue to motivate their work by touting the practical
implications of electroporation, few have demonstrated its applicability in a broader
context. With the exception of recent advances in tumor ablation and food processing, for
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the last 30 years electroporation has primarily been used to perform the secondary tasks
required for biological research: applications such as transfection and the loading of
drugs and dyes. It is a shame that such a simple, yet powerful, technology is relegated to
such a narrow application.
One potentially impactful application for electroporation is water sterilization in
developing nations. Contaminated water can cause numerous diseases including diarrhea,
which accounts for 4% of all deaths worldwide (2.2 million). Most of these deaths occur
among children under the age of five and represent approximately 15% of all child deaths
under this age in developing nations. It is estimated that sanitation and hygiene
intervention could reduce diarrheal infection by one-quarter to one-third; however, this
requires access to sterile water, which can be scarce, particularly in rural areas of
developing nations [World Health Organization 2000].
The primary reason that electroporation can not be used for remote applications
such as water sterilization in developing nations is because current electroporation
devices require high potential differences to generate electroporation-inducing electric
fields. Table 1.1 outlines the potential differences required for current macro and microelectroporation devices (See Section 1.1.7). With the exception of Khine and coworkers
and Lu and coworkers, relatively large potential differences are required to perform
reversible and irreversible electroporation.
Table 1.1: Potentials differences required in macro and micro-electroporation
devices.
Macro-electroporation
Cuvette (1 mm electrode separation)

100 V (reversible), 1000 V (irreversible)

Micro-electroporation
Khine et al.

1 V (reversible)

Lu et al.

6-8.5 V (reversible)

Lin et al.

10 V (reversible)

Huang and Rubinsky

10 V (reversible)

Lee and Tai

20 V (irreversible)

Huang and Rubinsky

60 V (reversible)

Valero et al.

100 V (irreversible)

Fox et al.

100 V (irreversible)

McClain et al.

1125 V (irreversible)

Gao et al.

1400 V (irreversible)

There are two benefits to minimizing the potential difference required to perform
electroporation: the reduction of electrode depletion and bubble formation, and the
elimination of an external power supply.
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Minimizing the applied potential difference reduces electrode depletion and
bubble formation. In order to transfer electrical current to solution, an electrochemical
reaction must occur at the electrode-electrolyte interface. In many cases, this
electrochemical reaction consumes the electrode at a rate proportional to the potential
applied. Therefore, applying high potentials can cause the consumed electrode material to
adversely affect the electroporation process while simultaneously limiting the life of the
electroporation device. Furthermore, large applied potentials often electrolyze the
solution, generating bubbles. These bubbles alter the electric field in the solution and can
lead to an unpredictable electroporation procedure.
More importantly, minimizing the potential difference eliminates the need for a
large external power supply. While using a power supply in a laboratory is standard, it is
not suitable for remote applications, particularly in locations lacking a power grid. For
remote applications, the external power supply needs to be curtailed (e.g. a battery) or
completely eliminated.
To maximize the electric field without a large potential difference, the electrode
configuration of the electroporation device needs to be altered. Most electroporation
devices have facing electrodes [Fox et al. 2006]. Because of this, the electric field
generated between the electrodes is inversely proportional to their separation distance.
Although the separation distances in micro-electroporation devices are significantly
smaller than those in macro-electroporation devices, they are limited by cell size. Since
most cells have sizes on the order of 10 µm, significant potential differences are required
to induce electroporation [Fox et al. 2006].
This dissertation presents a new electrode configuration aimed at minimizing the
potential difference required to perform electroporation. In doing so, this new electrode
configuration will increase the accessibility of electroporation by eliminating the need for
a large external power supply, making its use feasible for a wide range of non-traditional,
remote applications.
1.2.1 Singularity-induced Micro-electroporation and the Micro-electroporation
Channel
The electrode configuration proposed in this dissertation is termed singularityinduced micro-electroporation. Singularity-induced micro-electroporation is composed of
an electrolyte atop two adjacent electrodes separated by an infinitesimally small insulator.
Application of a small potential difference between the adjacent electrodes results in a
radially varying electric field emanating from the infinitesimally small insulator (Figure
1.7). Since it has been shown that applying an electric field along small portions of the
cell membrane can induce electroporation, this radially varying electric field can be used
to electroporate cells suspended in the electrolyte [Diaz-Rivera and Rubinsky 2006].
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Figure 1.7: The singularity-induced micro-electroporation configuration. The
configuration is composed of an electrolyte atop two adjacent electrodes separated
by an infinitesimally small insulator. Application of a small potential difference
between the adjacent electrodes results in a radially varying electric field emanating
from the infinitesimally small insulator.
Mirroring the configuration and placing it in series forms a micro-electroporation
channel with multiple electric fields (Figure 1.8). Cells flowing through this channel will
experience a pulsed electric field. Furthermore, adjusting the electrolyte flow rate alters
the duration of the electric field experienced by cells suspended in the electrolyte.
Additionally, the micro-electroporation channel facilitates modeling the singularityinduced micro-electroporation configuration.

Figure 1.8: The micro-electroporation channel is formed by mirroring the
singularity-induced micro-electroporation configuration and placing it in series.
Cells flowing through the micro-electroporation channel will experienced a pulsed
electric field.
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Compared to current electroporation devices, we believe that the microelectroporation channel will be beneficial for a number of reasons.
1. Small potential differences can generate electroporation-inducing electric field
magnitudes, eliminating the need for a large power supply and potentially
eliminating the need for any external power source.
2. The flow-through nature of the micro-electroporation channel eliminates the need
for a pulse generator, and could facilitate a high rate of cell treatment.
3. Electric field magnitudes can be controlled by altering the geometry of the microelectroporation channel (insulator thickness, channel height, distance between cell
and channel wall), and can therefore be used to fine-tune the electroporation
process.
4. Cell size no longer limits the magnitude of the electric field that can be generated.
1.2.2 Dissertation Overview
This dissertation provides a preliminary assessment of singularity-induced microelectroporation to determine if fabrication of a singularity-induced micro-electroporation
device is feasible and worthwhile. In particular, theoretical models are used to assess the
effect of geometry and electrode kinetics on the electric fields generated in the microelectroporation channel.
Chapter 2 presents a primary current distribution model that is used to investigate
the effect of geometry on the micro-electroporation channel. Additionally, the primary
current distribution model is coupled with a thermal model to ensure that excessive
temperatures are not present in the micro-electroporation channel. Finally, two potential
uses of the micro-electroporation channel are presented: water sterilization and cell
transfection.
In Chapter 3, modified primary and secondary current distribution models are
used to understand the effect of insulator thickness and electrode kinetics on the potential
difference required to generate electroporation-inducing electric field magnitudes in the
micro-electroporation channel. Understanding the effect of these two parameters is
critically important to ensure that prohibitively large potential differences are not
required to generate electroporation-inducing electric field magnitudes.
Based on observations from the primary and secondary current distribution
models, it became apparent that it might be possible to use the potential differences
present in galvanic electrochemical cells coupled with the singularity-induced microelectroporation configuration to perform self-powered electroporation. Chapter 4 presents
this idea and analyzes it using a modified version of the secondary current distribution
model.
Finally, Chapter 5 provides a summary of the dissertation and suggests future
work to pursue.
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CHAPTER 2: THE PRIMARY CURRENT DISTRIBUTION MODEL
2.1 INTRODUCTION
Singularity-induced micro-electroporation uses a dramatically different electrode
configuration than other electroporation devices. Because of this, the first step in
analyzing singularity-induced micro-electroporation is to gain a basic understanding of
how its altered geometry affects the electric field distribution in the electrolyte. To do
this, a primary current distribution model of the micro-electroporation channel (Figure
1.8) was developed. By incorporating cell geometry into the primary current distribution
model, the impact of cell size and shape on the electric field distribution was also
determined. Additionally, using the electric field distribution calculated from the primary
current distribution model, a preliminary thermal model was created to determine ohmic
heating effects in the micro-electroporation channel. Finally, models of two potential uses
of the micro-electroporation channel, water sterilization and cell transfection, are
presented to demonstrate the effectiveness of the singularity-induced microelectroporation configuration.
2.2 METHODS
A two-dimensional, steady-state, primary current distribution model was
developed to understand the effect of micro-electroporation channel geometry and cell
size on the electric field in the flowing electrolyte (Figure 2.1). Primary current
distribution models neglect surface and concentration losses at the electrode surfaces,
only taking into account electric field effects from ohmic losses in the electrolyte.
Therefore, primary current distribution models are governed by the Laplace equation:
(2.1)

" 2# = 0

where " is the electric potential [Prentice 1991]. Furthermore, electrode surfaces are
assumed to be at a constant potential, making the boundary conditions at the adjacent
electrode surfaces:

!
!

{

}

"a = "diff for 0 < x # L 2 y = 0

{

(2.2)

}

"c = 0 for L 2 < x # L y = 0

(2.3)

!
where "a and "c are the potentials at the anode and cathode, respectively, "diff is the
potential difference between them, and L is the active electrode length. The remaining
symmetry boundaries are governed by:

!

!

!

!

!
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!

(2.4)

where H is half of the height of the micro-electroporation channel (Figure 2.1B). Due to
the insulating properties of cell membranes, cells flowing through the microelectroporation channel are modeled as electrically insulating boundaries, which are
identical to symmetry boundaries (Figure 2.1C).

Figure 2.1: (A) Schematic of the micro-electroporation channel configuration. (B)
Model domain in the absence of a cell. (C) Model domain in the presence of a cell.
2.2.1 Non-dimensionalization of the Primary Current Distribution Model
The primary current distribution model was non-dimensionalized to more easily
analyze the effect of micro-electroporation channel geometry and cell size on electric
fields in the electrolyte. The Laplace equation in two-dimensional Cartesian coordinates
is:
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Substituting the non-dimensional variables:

!

!

" = ##
diff

(2.6)

X = xL

(2.7)

y
Y= H

(2.8)

!
into the Laplace equation yields a non-dimensional form:
!

2
" 2# $ L ' " 2#
+& )
=0
" X 2 % H ( "Y 2

(2.9)

Defining the non-dimensional geometry parameter (aspect ratio):

!

A=

H
L

(2.10)

the non-dimensional Laplace equation becomes:

!

" 2# 1 " 2#
+
=0
" X 2 A 2 "Y 2

(2.11)

Substitution of the non-dimensional variables into the boundary conditions yields:

!

!
!

!

" a = 1 for {0 < X # 0.5 Y = 0}

(2.12)

" c = 0 for {0.5 < X # 1 Y = 0}

(2.13)

% X =0
0 < Y $ 1)
'
'
"# = 0 for & X = 1
0 < Y $ 1*
'
'
(0 < X $ 1 Y = 1 +

(2.14)

Finally, for a spherical cell, the non-dimensional cell radius (relative cell radius) is
defined as:

R=

r
H

(2.15)
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!

where r is the cell radius.
2.2.2 Solution of the Primary Current Distribution Model
The non-dimensional primary current distribution model is characterized by the
aspect ratio ( A ) and the relative cell radius ( R ). A parametric study was performed by
varying these parameters in a series of models. In each model, the non-dimensional
potential distribution was solved for using the finite element analysis software COMSOL
Multiphysics 3.5a. A non-dimensional
! electric field, defined as:
(2.16)

NDE = !"

was calculated using the non-dimensional potential distribution.
Cells were initially excluded from the models to validate the finite element
solution and to better understand how micro-electroporation channel geometry affects the
electric field in the electrolyte. These models are only characterized by the aspect ratio
and have a simplified geometry. This simple geometry, along with the homogenous
nature of the non-dimensional Laplace equation and three symmetry boundaries enabled
an analytical solution using the separation of variables method (See Appendix 1). The
analytical solution was used to verify the results of the finite element solution. Once the
finite element solution was verified, cells were included in the models.
2.2.3 Preliminary coupled thermal model
In addition to the primary current distribution model, a preliminary, twodimensional, steady-state coupled thermal model was developed to determine the
temperature distribution in the flowing electrolyte. Three models compose the coupled
model: (1) a convection and conduction model, (2) the primary current distribution
model, and (3) an incompressible Navier-Stokes model.
The two-dimensional, steady-state heat equation with conduction and convection
in the x-direction is:

" 2T " 2T Q gen $C p u "T
+
+
#
=0
"x 2 "y 2
k
k "x

!

(2.17)

where T is temperature, k is thermal conductivity, ρ is density, Cp is the specific heat at
constant pressure, Qgen is the volumetric heat generation and u is the fluid velocity
distribution in the x-direction. The volumetric heat generation term, Qgen, is the result of
ohmic heating in the electrolyte, and in two-dimensions is governed by:

#$ #$
Q gen = "
+
#x #y

2

(2.18)
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where σ is the electrical conductivity of the electrolyte, and the potential distribution is
determined from the primary current distribution model. Additionally, the fluid velocity
distribution in the x-direction, u, is determined by applying the Navier-Stokes equations
to steady flow between two horizontal, infinite parallel plates, resulting in:
u=

!

1 # "p & 2
% ( (y ) H 2 )
2 µ $ "x '

(2.19)

where µ is the dynamic viscosity of the electrolyte, and ∂p/∂x is a constant pressure
gradient [Young et al. 2001].
The boundary conditions of the conduction and convection model are constant
temperature at the left domain boundary:
T = 293K for

!

{x = 0

0 < y " H}

(2.20)

thermal insulation and symmetry at the bottom and centerline of the channel,
respectively:

$0 < x # L y = 0 '
"T
(
= 0 for %
"y
&0 < x # L y = H )

(2.21)

and continuity at the right domain boundary:

!

!

"T
= 0 for
"x

{x = L

0 < y # H}

(2.21)

The coupled thermal model was solved in COMSOL Multiphysics 3.5a for a 2
µm high (H=1 µm) 10 µm long channel with a 0.1 V potential difference between the
electrodes and water as the electrolyte. The velocity profile was entered as an expression
into the convection and conduction model, which used the primary current distribution
model to determine the heat generation term throughout the model domain. The
parameters used in the model are shown in Table 2.1.
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Table 2.1: Parameters used in preliminary coupled thermal model.
Channel
Potential difference

Φdiff

V

0.1

Half channel height

H

µm

1

Active electrode length

L

µm

10

Pressure gradient

∂p/∂x

Pa/µm

100

Water
Thermal conductivity

k

W/m-K

0.58

Density

ρ

kg/m3

998.20

Specific heat at constant pressure

Cp

J/kg-K

4181.80

Electrical conductivity

σ

S/m

5.5e-6

Dynamic viscosity

µ

Pa-s

8.90e-4

2.3 RESULTS
2.3.1 Primary Current Distribution Finite Element Model Verification
The non-dimensional primary current distribution finite element model was
verified with an analytical solution. Correlation coefficients between the non-dimensional
potential distributions of the two solutions were computed in MATLAB (R2007a version
7.4) for values of channel aspect ratio ( A ) between 0.1 and 1. The correlation coefficients
were 1 for all values of channel aspect ratio, indicating that the finite element and
analytical solutions are identical.

!
2.3.2 Non-dimensional Primary Current Distribution Model Results Without Cells
In the absence of cells, the models are only characterized by the channel aspect
ratio ( A ). As the channel aspect ratio decreases, the magnitude of the non-dimensional
electric field increases exponentially in the center of the micro-electroporation channel
(Figure 2.2). Furthermore, high-magnitude non-dimensional electric field contours are
more focused and span the height of the channel for small channel aspect ratios (Figure
!
2.3).
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Figure 2.2: Dimensionless electric field magnitude at the center of the microelectroporation channel ( X = 0.5,Y = 1 ). Decreasing the aspect ratio exponentially
increases the dimensionless electric field magnitude.

Figure 2.3: Dimensionless electric field contours in micro-electroporation channels
with aspect ratios of 0.1, 0.2, 0.3, and 1. Decreasing the aspect ratio results in more
focused contours that span the height of the micro-electroporation channel.
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2.3.3 Non-dimensional Primary Current Distribution Model Results With Cells
The electric field in the electrolyte is also affected by the presence of cells. Due to
the insulating properties of the cell membrane, electric field contours are compacted
(Figure 2.4), causing cells to experience exponentially greater electric field magnitudes as
the relative cell radius ( R ) increases (Figure 2.5).

!

Figure 2.4: In the presence of a cell, dimensionless electric field contours are
compacted due to the insulating cell membrane.
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Figure 2.5: Cells experience exponentially greater dimensionless electric field
magnitudes as R increases for A = 0.1. Therefore, cells close to the microelectroporation channel wall will experience larger electric field magnitudes.

!
!
2.3.4 Coupled Thermal Model Results
The temperature distribution in the electrolyte is shown in Figure 2.6. A
maximum temperature of 293.00000059 K is at the insulator and the convective heat
transfer due to the electrolyte flow is apparent. Additionally, an arrow plot of the
electrolyte flow is shown in Figure 2.7. The maximum fluid velocity (at the center of the
micro-electroporation channel) for the 1 kPa pressure difference is umax=0.0562 m/s.

Figure 2.6: Temperature distribution in model domain. A minimal temperature
increase is seen, indicating that cells will not be thermally damaged.
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Figure 2.7: Flowing electrolyte velocity arrows in model domain. For a pressure
difference of 1 kPa across the model domain, the maximum velocity in the channel is
0.0562 m/s.
2.4 DISCUSSION
These results show that adjusting micro-electroporation channel height is a way to
control the range of electric field magnitudes in the flowing electrolyte without increasing
the potential difference between the electrodes. Models with cells indicate that the closer
cells are to the channel walls, the higher electric field magnitudes they will experience.
Additionally, the preliminary coupled thermal model shows a 0.00000059 K temperature
increase in the flowing electrolyte, which is insufficient to cause thermal cell damage.
Although not explored in this chapter, it should be noted that changing the length
of the insulator separating the adjacent electrodes would affect the electric field in the
electrolyte. More specifically, electric field magnitudes throughout the electrolyte would
decrease by increasing the length of the insulator (See Chapter 3).
Traditional macro and micro-electroporation have deficiencies that are addressed
by the micro-electroporation channel. Due to the large quantities of cells treated in
macro-electroporation, the extent of cell permeabilization varies throughout the
population. While micro-electroporation addresses this issue, it typically results in lower
throughput. The focused electric fields in the micro-electroporation channel, which can
be modified with channel geometry, offer better control over cell permeabilization than
macro-electroporation devices. Additionally, the flow-through nature of the channel
makes it suitable for treating large quantities of cells.
Another deficiency addressed by the micro-electroporation channel is the need for
large, electrolysis-inducing potential differences in traditional macro and microelectroporation devices. Most macro and micro-electroporation devices have facing
electrodes, which results in a uniform electric field that is inversely proportional to their
separation distance [Fox et al. 2006]. Although the separation distances in microelectroporation devices are significantly smaller than those in typical electroporation
devices, they are limited by cell size. Because of this, large, electrolysis-inducing
potential differences are required to generate a desired electric field. The microelectroporation channel contains a series of adjacent electrodes separated by
infinitesimally small insulators. Application of a small, non-electrolysis-inducing
potential difference results in a series of radially varying electric fields that emanate from
the infinitesimally small insulators. Because of this, only a small power source (such as a
battery) is required.
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2.5 POTENTIAL APPLICATIONS
The non-dimensional models show that cells of assorted sizes can experience
various electric field magnitudes by adjusting the micro-electroporation channel height.
Furthermore, the electrolyte flow rate can be used to control exposure time. These
parameters enable a great deal of control over the extent of cell permeabilization without
the need for complicated electrical equipment, making this concept useful for a number
of potential applications including water sterilization and cell transfection.
2.5.1 Water Sterilization
Contaminated water can cause numerous diseases including diarrhea, which
accounts for 4% of all deaths worldwide (2.2 million). Most of these deaths occur among
children under the age of five and represent approximately 15% of all child deaths under
this age in developing nations. It is estimated that sanitation and hygiene intervention
could reduce diarrheal infection by one-quarter to one-third; however, this requires access
to sterile water, which can be scarce, particularly in rural areas of developing nations
[World Health Organization 2000].
Enterotoxigenic Escherichia coli (ETEC, a type of E. coli) is a 2 µm long, 0.5 µm
diameter, rod-shaped fecal coliform, and is the leading bacterial cause of diarrhea in
developing nations. Currently, vaccination is the most effective method of preventing
diarrhea caused by ETEC. However, vaccines are not available in developing nations
where ETEC is endemic [World Health Organization 2009].
It is possible to destroy ETEC with irreversible electroporation using singularityinduced micro-electroporation. The results of a dimensional form of the primary current
distribution model show that ETEC cells in water flowing through the center of a 0.6 µm
high micro-electroporation channel with a 0.1 V potential difference between adjacent
electrodes experience electric field magnitudes between 1000 and 10000 V/cm, inducing
irreversible electroporation (Figure 2.8) [Sale and Hamilton 1967]. It should be noted that
this is a conservative estimate, since cells flowing through the center of the channel will
experience relatively low strength electric fields compared to cells flowing closer to the
electrodes.
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Figure 2.8: Enterotoxigenic Escherichia coli (ETEC, a type of E. coli) cells flowing
through a 0.6 µm high micro-electroporation channel with a 0.1 V potential between
the electrodes. Electric field magnitudes between 1 and 10 kV/cm are shown for
clarity. ETEC cells experience irreversible electroporation inducing electric fields
(~10 kV/cm) as they flow over the infinitesimally small insulators. The microelectroporation channel could be used for water sterilization in developing nations.
2.5.2 Cell Transfection
Cell transfection is the process of introducing large molecules, primarily nucleic
acids and proteins, into cells. These large molecules typically enter cells through transient
pores created in the cell membrane by chemical and physical methods, such as
electroporation. However, due to the bulk nature of the process, it is difficult to determine
the optimal electroporation parameters for high transfection efficiency and minimal cell
death [Andreason 1993]. Traditional micro-electroporation could remedy this problem;
however, traditional micro-electroporation is not appropriate for treating large quantities
of cells.
In contrast, the flow-through nature of the micro-electroporation channel makes it
ideal for treating many cells while maintaining control of the electric fields they
experience. Yeast is a 4 µm diameter cell widely used in genetic research because it is a
simple cell that serves as a representative eukaryotic model [Alberts et al. 2007]. A
dimensional form of the primary current distribution model shows that yeast cells flowing
through a 4.2 µm high channel with a potential of 0.1 V between the electrodes
experience reversible electroporation inducing electric field magnitudes, creating the
transient pores needed for cell transfection (Figure 2.9) [Sale and Hamilton 1967]. By
stacking multiple micro-electroporation channels atop one another, it would be possible
to increase throughput while maintaining consistent electric fields.
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Figure 2.9: Yeast cells flowing through a 4.2 µm high micro-electroporation channel
with a 0.1 V potential between the electrodes. Electric field magnitudes between 1
and 3 kV/cm are shown for clarity. Yeast cells experience reversible electroporation
inducing electric fields (1-3 kV/cm) as they flow past the infinitesimally small
insulators. The micro-electroporation channel could be a cheaper, more efficient
method for cell transfection.
2.6 SUMMARY
A two-dimensional, steady-state, primary current distribution model was
developed to understand the effect of micro-electroporation channel geometry and cell
size on the electric field in the electrolyte of the singularity-induced microelectroporation configuration. In the absence of cells, decreasing the microelectroporation channel height results in an exponential increase in the electric field
magnitude in the center of the channel. Additionally, cells experience exponentially
greater electric field magnitudes the closer they are to the micro-electroporation channel
walls. Finally, a coupled thermal model of the micro-electroporation channel shows
negligible temperature increases due to ohmic heating. Therefore, there is little chance of
thermally damaging a cell in the micro-electroporation channel.
The results of the primary current distribution model verify that the microelectroporation channel differs from traditional macro and micro-electroporation devices
in several ways. In electroporation devices with facing electrodes, a cell’s proximity has
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no bearing on the electric field magnitude it will experience. Conversely, in the microelectroporation channel, the electric field magnitude experienced by a cell is dictated by
the gap between the cell and the channel wall. Because of this, cell size does not affect
the potential difference required to achieve a desired electric field.
Furthermore, compared to traditional macro and micro-electroporation devices,
the results of the primary current distribution model indicate that less electrical
equipment could be required. Traditional macro and micro-electrporation devices require
a pulse generator and power supply. However, in the micro-electroporation channel, the
need for a pulse generator is eliminated since it contains a series of adjacent electrodes.
Furthermore, as predicted, the micro-electroporation channel only requires a small
potential difference, a minimal power source (such as a battery) is needed.
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CHAPTER 3: THE SECONDARY CURRENT DISTRIBUTION
MODEL
3.1 INTRODUCTION
A primary current distribution model of the micro-electroporation channel was
presented in Chapter 2. The purpose of the primary current distribution model was to
determine how the geometry of the singularity-induced micro-electroporation
configuration affects the electric field distribution in the electrolyte. The model showed
that decreasing channel height results in an exponential increase in the electric field
magnitudes, and that cells experience exponentially greater electric field magnitudes the
closer they are to the channel walls.
While this information is valuable, the primary current distribution model
neglects to account for insulator thickness and electrode kinetics, which may dramatically
affect the electric field distribution in the electrolyte of the micro-electroporation channel.
Therefore, in order to implement the micro-electroporation channel, or other devices
utilizing singularity-induced micro-electroporation, the practical feasibility of the
configuration needs to be further analyzed. Understanding the effect of (1) insulator
thickness and (2) electrode kinetics on electric field distributions in the microelectroporation channel is particularly important.
The insulator is the smallest feature in the singularity-induced microelectroporation configuration, and therefore, the micro-electroporation channel. Because
of this, it is one of the factors limiting the implementation of devices that utilize the
singularity-induced micro-electroporation configuration. In the primary current
distribution model, the insulator was assumed to be infinitesimally small, which is not
practically feasible. Therefore, the effect of insulator thickness on electric field
distribution in the micro-electroporation channel needs to be analyzed to ensure that
insulators thick enough to be created with micro-fabrication techniques can generate
electroporation inducing electric field magnitudes at small potential differences.
In order to perform singularity-induced micro-electroporation with only a
minimal power source (such as a battery), a direct current must be transferred from the
electrodes to the electrolyte via electrochemical reactions [Prentice 1991; Bard and
Faulkner 2001]. Because of this, the kinetics of the electrochemical reactions at the
electrodes can inhibit current transfer. For singularity-induced micro-electroporation, the
primary implication of inhibited current transfer is that prohibitively large potential
differences could be required to generate electroporation inducing electric fields
magnitudes. In order to ensure that this is not the case, the effect of electrode kinetics on
electric field magnitudes in the micro-electroporation channel need to be examined.
In this chapter we present (1) a modified, non-dimensional, primary current
distribution model to analyze the effect of insulator thickness on the microelectroporation channel, and (2) a secondary current distribution model of the microelectroporation channel with platinum electrodes and water electrolyte. The primary
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purpose of these models is to further assess the feasibility of singularity-induced microelectroporation. Additionally, the secondary current distribution model is used to
investigate the effect of water conductivity and applied voltage on the electric field
distribution, and power input of the micro-electroporation channel.
3.2 METHODS
3.2.1 Modified, Non-dimensional, Primary Current Distribution Model for
Analyzing the Effect of Insulator Thickness in the Micro-electroporation Channel
Our previously developed, two-dimensional, steady-state, primary current
distribution model was non-dimensionalized to analyze the effect of insulator thickness
on the electric field in the electrolyte of the micro-electroporation channel (Figure 3.1).
Since this model neglects surface and concentration losses at the electrode surfaces, it is
governed by the Laplace equation:
(3.1)

" 2# = 0

where ! is the electric potential [Prentice 1991]. Furthermore, electrode surfaces are
assumed to be at a constant potential, making the boundary conditions at the adjacent
electrode surfaces:

!

!

"a = "diff

(3.2)

"c = 0

(3.3)

where "a and "c are the potentials at the anode and cathode, respectively, "diff is the
potential difference between the them. The remaining boundaries are
insulation/symmetry boundaries and are governed by:

!
!

!
"# = 0

!

(3.4)

!
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Figure 3.1: (A) The model domain in the micro-electroporation channel. The
domain has a length L and height H . (B) The model domain for the primary and
secondary current distribution models. For both models, the governing equation is
the Laplace equation. Additionally, there are three symmetry boundaries and one
insulation boundary separating the anode and cathode. In the primary current
distribution model, the anode and cathode are modeled as constant potential
boundaries. In the secondary current distribution model, the anode and cathode are
modeled as current density boundaries.
Substituting the non-dimensional variables:
y
" = ## ; X = x L; Y = H
diff

(3.5)

into the Laplace equation in two-dimensional Cartesian coordinates yields:

!

!

!
!
2
" 2# $ L ' " 2#
+& )
=0
" X 2 % H ( "Y 2

(3.6)

In the above relations, L is the active electrode length and H is half of the height of the
micro-electroporation channel. Defining the non-dimensional geometry parameter (aspect
ratio):

H
A=
L

!

!

(3.7)
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!

the non-dimensional Laplace equation becomes:

" 2# 1 " 2#
+
=0
" X 2 A 2 "Y 2

(3.8)

Substitution of the non-dimensional variables into the boundary conditions yields:
!

!

" a = 1; " c = 0 ; "# = 0

(3.9)

Finally, the non-dimensional insulator thickness (relative insulator thickness) is defined
as:
!
!

I=

i
L

(3.10)

where i is the insulator thickness.

!

3.2.1.1 Model solution

!

The non-dimensional primary current distribution model is characterized by the
aspect ratio ( A ) and relative insulator thickness ( I ). A parametric study was performed
by varying I and A in a series of models. In each model, the non-dimensional potential
distribution was solved for using a finite difference method implemented in MATLAB
(R2007a version 7.4) (See Appendix 2). A non-dimensional electric field defined as:
!
!

NDE = "#

(3.11)

was calculated using the non-dimensional potential distribution.

!

3.2.2 Secondary Current Distribution Model of Singularity-induced Microelectroporation
A two-dimensional, steady-state, secondary current distribution model was
developed to analyze the effects of electrode kinetics on singularity-induced microelectroporation. Like primary current distribution models, secondary current distribution
models account for electric field effects from ohmic losses in the bulk electrolyte, and are
therefore governed by the Laplace equation (Eqn. 3.1) in that region. However, unlike
primary current distribution models, secondary current distribution models account for
kinetic losses at the electrode surfaces [Prentice 1991]. Since kinetic losses strongly
depend on the potential at an electrode surface, the boundary conditions at the adjacent
electrode surfaces are:

!
!

j a = "#$%a = f (&s,a )

(3.12)

j c = "#$%c = f (&s,c )

(3.13)
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where j a and j c are the current densities at the anode and cathode, respectively, " is the
conductivity of the bulk electrolyte, and " s,a and " s,c are the surface overpotentials at the
anode and cathode, respectively. Overpotential represents a departure from the
equilibrium potential at an electrode surface, and is defined as:
!
!
!
!
!
(3.14)
" = # $ E0
where E 0 is the equilibrium potential for an electrochemical reaction at standard state,
typically 293 K at 1 atm [Prentice 1991].

!
!

3.2.2.1 Electrode kinetics model
Neglecting concentration losses, the relationship between current and potential at
electrode surfaces is commonly described by a modified version of the Butler-Volmer
model [Bard and Faulkner 2001]:

%
" F#
$" F# (
j = j 0 ' exp a s $ exp c s *
&
RT
RT )

(3.15)

Conceptually, the first term describes the anodic (reduction) contribution to the net
current at a given potential, while the second term describes the cathodic (oxidation)
contribution to the net current. With that in mind, the variables in the Butler-Volmer
model are:

!

j 0 , the exchange current density. The exchange current density is the current density
where the anodic and cathodic contributions are equal, resulting in no net current.

" a and " c , the anodic and cathodic transfer coefficients, which respectively describe the
energy required for each reaction to occur.

!

!

!

!

" s , the surface overpotential, the deviation of the electrode potential from its equilibrium
potential.
F , the Faraday constant (96500 C/mol).
R , the universal gas constant (8.314 J/mol-K).

!

T , the temperature of the electrode reaction (K).

!

The exchange current density, and the anodic and cathodic transfer coefficients are
determined experimentally, typically by fitting current-potential data to the ButlerVolmer model [Bard and Faulkner 2001]. However, in some cases, it is more convenient
to fit current-potential data to simpler forms (i.e. linear) [Bard and Faulkner 2001].

!
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3.2.2.2 Development of the current density boundary conditions
A voltage must be applied to the cell suspension to generate an electric field for
electroporation. Because of potential losses due to irreversibilities ( E loss ), the applied
voltage ( V appl ) must be greater than the equilibrium potential ( E eq ) of the electrochemical
cell [Prentice 1991]:

V appl = E eq + E loss
!

!

!

!

(3.16)

The equilibrium potential of the electrochemical cell is the difference between the anode
and cathode reduction equilibrium potentials at standard state ( E a0 and E c0 , respectively)
[Prentice 1991; Bard and Faulkner 2001]:
E eq = E a0 " E c0

!

!

(3.17)

Irreversible losses have three classifications [Prentice 1991; Bard and Faulkner 2001]:
!

1. Surface losses from sluggish electrode kinetics.
2. Concentration losses due to mass-transfer limitations.
3. Ohmic losses in the electrolyte.
Since concentration losses are neglected in secondary current distribution models, the
irreversible losses can be represented as:

E loss = " s,a # " s,c + $%ohm

(3.18)

where "#ohm is the ohmic loss in the electrolyte, and can be further decomposed to:

!

"#ohm = #a $ #c

(3.19)

! Combining Eqns. 3.17, 3.18, and 3.19:
!

V appl = E eq + " s,a # " s,c + $a # $c

!

provides a more detailed relation for the voltage that must be applied to the
electrochemical cell to compensate for irreversible losses. Since kinetic models provide
the net current density at an electrode surface as a function of surface overpotential, the
equation above can be separated to obtain the surface overpotentials at the anode and
cathode:

(3.20)

" s,a = V appl # E eq # $a

(3.21)

" s,c = #$c

(3.22)

!

!
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Substituting these relations into the modified version of the Butler-Volmer equation
relates the surface potentials at the anode and cathode to their respective current densities,
enabling an implicit numerical solution.

!

%
" F#
$" F# (
j a = j 0,a ' exp a,a s,a $ exp c,a s,a *
RT
RT
&
)

(3.23)

%
" F#
$" F# (
j c = j 0,c 'exp a,c s,c $ exp c,c s,c *
RT
RT
&
)

(3.24)

3.2.2.3 Model parameters

!

The parameters used in the secondary current distribution model are outlined in
Table 3.1.
Table 3.1: Parameters used in the secondary current distribution model.
Global
Faraday constant

F

C mol^-1

96500

Universal gas constant

R

J mol^-1 K^-1

8.314

T

K

298

Electrochemical cell equilibrium potential

E eq

V

1.23

Applied voltage

V appl

V

1.3 – 2.5

S m^-1

0.0005, 0.005, 0.05

A m^-2

10-8

" a,a

-

0.5

" c,a

-

0.5

j 0,c

A m^-2

10

" a,c

-

0.5

" c,c

-

0.5

Temperature

!
!

Water conductivity
Exchange current density
Anodic transfer coefficient
Cathodic transfer coefficient

Exchange current density
Anodic transfer coefficient
Cathodic transfer coefficient

!

!
!
!

!
!
!
!

"
Anode
j 0,a

Cathode

!
The secondary current distribution
model domain is shown in Fig. 3.1B. The
!
domain is 10 microns long, has a 100 nanometer thick insulator, and is 20 microns high.
Since previous results show that decreasing domain height exponentially increases
electric field magnitudes, the height of the domain was made sufficiently large to
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determine the minimum electric field magnitudes that can be generated when accounting
for electrode kinetics.
Since we would like to use the singularity-induced micro-electroporation
configuration for water sterilization, the bulk electrolyte is water. The electrical
conductivity of water typically varies between 0.0005 and 0.05 S/m [De Zuane 1997].
The anode and cathode are modeled as inert platinum electrodes. In water, the
electrochemical reactions that take place at the electrode surfaces are identical to those in
water electrolysis [Saulis et al. 2005]. At the anode, water is oxidized:

2H 2O " O 2 (gas) + 4H + (aq) + 4e -

!

Under standard conditions, this reaction has a reduction equilibrium potential ( E a0 ) of
1.23 V and an exchange current density ( j a,0 ) of 10-8 A/m2 [Prentice 1991]. Additionally,
the transfer coefficients ( " a,a and " a,c ) were assumed to be 0.5 [Bard and Faulkner
2001]. At the cathode, water is reduced:
!

!
4H 2O + 4e - " 2H 2 (gas) + 4OH - (aq)
!
!

!

(3.26)

Under standard conditions, this reaction has a reduction potential ( E c0 ) of -0.83 V and an
exchange current density ( j c,0 ) of 10 A/m2 [Prentice 1991]. Similar to the water oxidation
reaction at the anode, the transfer coefficients ( " c,a and " c,c ) were assumed to be 0.5
[Bard and Faulkner 2001]. Therefore, the net reaction in!the platinum-water singularityinduced micro-electroporation system is:
!
!
!
2H O " 2H (gas) + O (gas)
(3.27)
2

!

(3.25)

2

2

Under standard conditions, this reaction has an equilibrium potential ( E eq ) of 2.06 V that
must be exceeded to generate an electric field distribution in the water.
It should be noted that since saline is a water based solution, these
!
electrochemical reactions are also applicable to a more traditional
electroporation system.
Therefore, this secondary current distribution model could easily be modified to analyze
singularity-induced micro-electroporation in a saline solution by changing the bulk
electrolyte conductivity.
3.2.2.4 Model solution
The secondary current distribution model is affected by the conductivity of the
water electrolyte ( " ) and voltage applied ( V appl ) to the electrochemical cell. A parametric
study was performed by varying these parameters in a series of models. In each model,
the potential distribution was solved for using the finite element analysis software
COMSOL
! Multiphysics 4.0a. The!electric field defined as:
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(3.28)

E = "#

!

was calculated using the potential distribution. Furthermore, by integrating the current
density at the anode or cathode boundary, the total current ( j tot ) through the model was
determined. Using the total current through the model, the power input defined as:

P = j totV appl

!

(3.29)

was calculated.

!

3.3 RESULTS
3.3.1 Non-dimensional Primary Current Distribution Model for Analyzing the
Effect of Insulator Thickness
The results of the non-dimensional primary current distribution model show that
decreasing the relative insulator thickness ( I ) increases the magnitude of the nondimensional electric field ( NDE ) at the center of the micro-electroporation channel
(Figure 3.2). More specifically, the extent of the increase in the non-dimensional electric
field magnitude due to relative insulator thickness depends on the aspect ratio ( A ). At
low aspect ratios, decreasing relative insulator thickness substantially increases the non!
dimensional electric field. Decreasing the relative insulator thickness from 0.9 to 0
(singularity) at an aspect ratio of 0.1 results in a 413% increase in non-dimensional
! the relative
electric field magnitude. Conversely, at high aspect ratios, decreasing
insulator thickness negligibly increases the non-dimensional electric field. At an aspect
ratio of 2, decreasing the relative insulator thickness from 0.9 to 0 results in a 115%
increase in non-dimensional electric field magnitude.
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Figure 3.2: The results of the non-dimensional primary current distribution model
show that decreasing the relative insulator thickness ( I ) and aspect ratio ( A )
increases the dimensionless electric field magnitude at the center of the microelectroporation channel.
3.3.2 Secondary Current Distribution Model of Singularity-induced Microelectroporation
3.3.2.1 Effect of water conductivity and applied voltage on electric field distribution
The conductivity of the water ( " ) and the applied voltage ( V appl ) both influence
the electric field distribution in the singularity-induced micro-electroporation
configuration. At applied voltages lower than ~3.2 V, low conductivity water contains
substantially larger electric field
water (Figure 3.3).
! magnitudes than high conductivity
! magnitudes at the center of
For example, at an applied voltage of 2.7 V, the electric field
the insulator are 0.06, 0.38, and 1.64 kV/cm at water conductivities of 0.05, 0.005, and
0.0005 S/m, respectively. Furthermore, at applied voltages lower than 2.8 V, increasing
the applied voltage exponentially increases electric field magnitudes in the water.
Conversely, at applied voltages higher than 2.8 V, the electric field distribution becomes
constant and independent of water conductivity. At an applied voltage of 3.5 V, the
electric field magnitudes at the center of the insulator are 26.4, 33.1, and 39.8 kV/cm at
water conductivities of 0.05, 0.005, and 0.0005 S/m, respectively.
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Figure 3.3: Electric field magnitude along the y-centerline of the secondary current
distribution model domain. At applied voltage lower than ~3.2 V low conductivity
water contains substantially larger electric field magnitudes than high conductivity
water. At applied voltages lower than 2.8 V increasing the applied voltage
exponentially increases the electric field magnitudes in the water. At applied
voltages higher than 2.8 V, electric field magnitudes become constant and
independent of water conductivity.
3.3.2.2 Effect of water conductivity and applied voltage on power input
The power input to the singularity-induced micro-electroporation configuration is
also dependent on the conductivity of the water and the applied voltage (Figure 3.4). At
applied voltages less than ~2.6 V, power input is independent of water conductivity and
increases exponentially with applied voltage. For example, at an applied voltage of 2.4 V,
the powers input to the singularity-induced micro-electroporation configuration are 1.09,
1.05, and 0.92 x 10-5 µW/cm2 at water conductivities of 0.05, 0.005, and 0.0005 S/m,
respectively. Conversely, at applied voltages greater than ~2.6 V, the power input
becomes constant and is highly dependent on the water conductivity. A singularityinduced micro-electroporation configuration with low conductivity water (0.0005 S/m)
requires the least power input, 0.23 µW/cm2 at an applied voltage of 3.5 V. The power
input required by the singularity-induced micro-electroporation configuration
substantially increases with water conductivity. Configurations with 0.005 and 0.05 S/m
water conductivities require 1.93 and 16.20 µW/cm2, respectively.
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Figure 3.4: The effect of water conductivity and applied voltage on the power input
to the singularity-induced micro-electroporation configuration. At applied voltages
less than ~2.6 V power input is independent of water conductivity and increases
exponentially with applied voltage. At applied voltages greater than ~2.6 V, the
power input becomes constant and is highly dependent on the water conductivity.
The power input required by the singularity-induced micro-electroporation
configuration substantially increases with water conductivity.
3.4 DISCUSSION
3.4.1 Effect of Insulator Thickness
The results of the non-dimensional primary current distribution model
demonstrate the practical feasibility of the micro-electroporation channel. In Chapter 1
we predicted that increasing the insulator thickness would decrease the electric field
magnitudes throughout the electrolyte of the micro-electroporation channel. While our
results quantitatively support this prediction, they also indicate that electroporation
inducing electric fields can be generated with insulators thick enough to be created with
microfabrication techniques. For example, applying a 0.5 V potential difference in a
micro-electroporation channel with an active electrode length ( L ) of 10 µm, microelectroporation channel height ( 2H ) of 2 µm, and insulator thickness ( i ) of 100 nm (nondimensional data for A = 0.1, I = 0.01), can generate electric field magnitudes in excess
of 10 kV/cm, which are sufficient for inducing irreversible electroporation [Sale and
!
Hamilton 1967]. Numerous lithographic techniques are capable of producing sub-100 nm
!
!
features, and could be used to create the insulators in a micro-electroporation
channel.
!
!
Immersion lithography is a photolithography enhancement technique that places a liquid
with a refractive index greater than one between the final lens and wafer. Current
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immersion lithography tools are capable of creating feature sizes below 45 nm [Owa and
Nagasaka 2008]. Additionally, electron beam lithography, a form of lithography that uses
a traveling beam of electrons, can create features smaller than 10 nm [Broers et al. 1996].
3.4.2 Secondary Current Distribution Model of Singularity-induced Microelectroporation
Electrochemical reactions must transfer a direct current from the electrodes to the
electrolyte to perform singularity-induced micro-electroporation. The kinetics of
electrochemical reactions can inhibit current transfer and potentially necessitate
prohibitively large potential differences to generate electroporation-inducing electric field
magnitudes. Therefore, to adequately analyze the feasibility of implementing a
singularity-induced micro-electroporation system, the effect of electrode kinetics on
electric field magnitudes must be understood. The secondary current distribution model
of the singularity-induced micro-electroporation configuration with platinum electrodes
and water electrolyte accounts for electrode kinetics. The results of this model: (1)
demonstrate the practical feasibility of implementing a singularity-induced microelectroporation system, (2) predicts the upper limit to the electric field magnitudes of the
system, and (3) provides data for optimizing the power input necessary to obtain a
desired electric field distribution.
The practical feasibility of creating a singularity-induced micro-electroporation
system is demonstrated by the results of the secondary current distribution model with
platinum electrodes and water electrolyte. The results show that electric fields in excess
of those required to induce reversible (1-3 kV/cm) and irreversible (10 kV/cm)
electroporation can be generated in water with platinum electrodes [Sale and Hamilton
1967]. For instance, in water with a conductivity of 0.0005 S/m, an applied voltage as
low as 2.8 V (0.7 V larger than E eq ) can generate electric fields sufficient to induce
reversible electroporation near the insulator surface. Increasing the applied voltage by 0.1
V generates electric fields capable of inducing irreversible electroporation near the
insulator surface, and reversible electroporation at distances up to ~0.7 µm from the
! electric field magnitudes are present in higher conductivity
insulator. Although lower
water (0.005 or 0.05 S/m), minor increases in applied voltage result in similar reversible
and irreversible electroporation inducing electric fields.
The trend shown in Figure 3.3 indicates that there is an upper limit to the electric
field magnitudes that can be generated in the singularity-induced micro-electroporation
system. For this system, the low exchange current density of the anode electrochemical
reaction ( j 0,a ) limits the current through the system. As a result, as the applied voltage
increases, the water conductivity has less of an influence on the electric field distribution.
Furthermore, at large applied voltages, increasing the applied voltage negligibly changes
the electric field distribution, indicating the upper limit of the electric field magnitudes
!
that can be generated with this system. Close to the insulator, the electric field
magnitudes at the upper limit are well above the magnitudes required to induce reversible
and irreversible electroporation. However, if large electric field magnitudes are required
away from the insulator, the upper limit may become an important design consideration.
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The secondary current distribution model of singularity-induced microelectroporation can be used to optimize the power input to the system. As previously
noted, at large applied voltages, water conductivity is negligibly influential and the
electric field distribution becomes constant with increasing applied voltage (Figure 3.3).
Figure 3.4 shows that while power input also becomes constant at large applied voltages,
it is substantially affected by water conductivity. In general, low conductivity water
(0.0005 S/m) generates the largest electric field magnitudes with the least power input,
and high conductivity water (0.05 S/m) generates the smallest electric field magnitudes
with the most power input. Therefore, decreasing the water conductivity is the most
effective method for optimizing the power input to the system.
It should be noted that the methodology used for developing the secondary current
distribution model of singularity-induced micro-electroporation could be used to model a
variety of electroporation devices. With appropriate electrode kinetics parameters,
numerous electrode materials and electroporation configurations could be examined.
These models would aid in experimental studies by providing electric field distributions
throughout the electrolyte. Additionally, they would facilitate the optimal design of
electroporation systems for a variety of applications.
The singularity-induced micro-electroporation configuration offers numerous
advantages over traditional macro and micro-electroporation devices. In electroporation
devices with facing electrodes, a cell's proximity has no bearing on the electric field
magnitude it will experience. Conversely, in a singularity-induced micro-electroporation
configuration, the electric field magnitude experienced by a cell is dictated by the gap
between the cell and the surface of the configuration. Because of this, cell size does not
affect the potential difference required to achieve a desired electric field.
Another advantage of the singularity-induced micro-electroporation configuration
over traditional macro and micro-electroporation devices is that less electrical equipment
is required. Traditional macro and micro-electroporation devices require a pulse
generator and power supply. However, by placing singularity-induced microelectroporation configurations in series, as is done in the micro-electroporation channel,
the need for a pulse generator is eliminated. Furthermore, as validated by the secondary
current distribution model, only a small potential difference is required. Because of this,
only a minimal power source (such as a battery) is needed.
3.5 SUMMARY
	
  
The practical feasibility of singularity-induced micro-electroporation systems
were assessed by examining the effect of insulator thickness and electrode kinetics on
generated electric field distributions. Two models were developed to understand these
effects: (1) a modified, non-dimensional, primary current distribution model of a microelectroporation channel, and (2) a secondary current distribution model of the singularityinduced micro-electroporation configuration with platinum electrodes and water
electrolyte.
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A previously developed, non-dimensional, primary current distribution model was
modified to analyze the effect of insulator thickness on the electric field distribution of a
micro-electroporation channel. Increasing the insulator thickness exponentially reduces
the electric field magnitude directly above the center of the insulator and inhibits the
permeation of high-strength electric fields in the electrolyte. However, high-strength
electric fields can still be generated with insulators thick enough to be created with
MEMS manufacturing techniques [Owa and Nagasaka 2008; Broers et al. 1996].
Therefore, insulator thickness does not inhibit the practical feasibility of creating
singularity-induced micro-electroporation systems.
A secondary current distribution model of the singularity-induced microelectroporation configuration with platinum electrodes and water electrolyte was
developed to examine the effect of electrode kinetics on the electric field distribution in
the water. The results of this model show that electric field magnitudes in excess of those
required to induce reversible (1-3 kV/cm) and irreversible (10 kV/cm) electroporation
can be generated in water with platinum electrodes [Sale and Hamilton 1967]. This
further substantiates the practical feasibility of implementing a singularity-induced
micro-electroporation device. Additionally, the secondary current distribution model
shows that at low applied voltages, significantly larger electric field magnitudes are
present in lower conductivity water. Initially, as the applied voltage increases there is an
exponential increase in electric field magnitudes in the water. However, at large applied
voltages, increasing the applied voltage negligibly changes the electric field magnitudes,
regardless of water conductivity. Furthermore, at large applied voltages, the required
power input is highly dependent on the conductivity of the water. Therefore, it can be
concluded that low conductivity water generates the largest electric field magnitudes with
the least power input, and high conductivity water generates the smallest electric field
magnitudes with the most power input.
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CHAPTER 4: SELF-POWERED MICRO-ELECTROPORATION
4.1 INTRODUCTION

	
  
Because the singularity-induced micro-electroporation configuration can generate
high-strength electric fields with small potential differences, we believe it is possible to
use the configuration to create an electroporation device that does not require an external
power source. This chapter focuses on the creation of a galvanic electroporation device,
termed the self-powered micro-electroporation device. The self-powered microelectroporation device will use the singularity-induced micro-electroporation
configuration to amplify the electric field distribution created by the ohmic drop of a
galvanic electrochemical cell [Prentice 1991; Bard and Faulkner 2001]. This electric field
distribution can be used to perform electroporation.
Electroporation devices are electrochemical cells that aim to maximize the ohmic
drop in the electrolyte to generate larger electric field magnitudes. To date, all
electroporation devices have been electrolytic electrochemical cells – electric current is
supplied to generate a significant ohmic drop and resulting electric field in the electrolyte.
Conversely, galvanic electrochemical cells convert chemical reactions to electric current
[Prentice 1991; Bard and Faulkner 2001]. These chemical reactions typically occur at two
dissimilar material electrodes, an anode and cathode, where oxidation and reduction
occur, respectively. The anode and cathode are separated by an electrolyte that conducts
ionic current between them. When electric current is drawn from a galvanic
electrochemical cell, a small potential distribution develops in the electrolyte, resulting in
an electric field that can be used to perform electroporation (Figure 4.1) [Prentice 1991;
Bard and Faulkner 2001].
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Figure 4.1: The self-powered micro-electroporation concept. By drawing electric
current is from a galvanic electrochemical cell, a small potential distribution
develops in the electrolyte, resulting in an electric field that can be used to perform
electroporation.
In this chapter, a secondary current distribution model of a self-powered microelectroporation device composed of an aluminum anode, air cathode, and water
electrolyte is presented. The primary purpose of this model is to demonstrate the
theoretical feasibility of self-powered micro-electroporation by showing the generation of
electroporation-inducing electric field magnitudes. In particular, the model is used to
determine the effect of water conductivity and load voltage on the electric field
distribution in the self-powered micro-electroporation device. Furthermore, because the
self-powered micro-electroporation device is a galvanic electrochemical cell, and power
output of the device is also investigated.

	
  
4.2 METHODS
A secondary current distribution model was developed to determine the electric
field magnitudes and power output characteristics of a self-powered microelectroporation device utilizing aluminum-air chemistry.
The secondary current distribution model domain is shown in Figure 4.2. Previous
results have shown that decreasing the aspect ratio of the model domain significantly
increases the electric field magnitudes throughout the domain. Therefore, to minimize
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geometric electric field enhancement, a model domain with an aspect ratio of 2,
corresponding to a domain height and length of 20 and 10 µm, respectively, was used for
the secondary current distribution model. Additionally, a 100 nm thick insulator, large
enough to be created with micro-fabrication techniques, was used [Owa and Nagasaka
2008; Broers et al. 1996].

Figure 4.2: The secondary current distribution model domain used in the selfpowered electroporation model. The model domain has an aspect ratio of 2 to negate
geometric enhancement of electric field magnitudes.
Secondary current distribution models account for ohmic drops in the bulk
electrolyte, and kinetic losses at electrode surfaces [Prentice 1991]. Therefore, the bulk
electrolyte region is governed by the Laplace equation:

! 2! = 0

(4.1)

54	
  

where ! is the electric potential. To account for kinetic losses, which depend on the
potential at the electrode surface, the boundary conditions at the adjacent electrodes are:

!
!

j a = "#$%a = f (&s,a )

(4.2)

j c = "#$%c = f (&s,c )

(4.3)

where j a and j c are the current densities at the anode and cathode, respectively, " is the
conductivity of the bulk electrolyte, and " s,a and " s,c are the surface overpotentials at the
anode and cathode, respectively. Overpotential represents a deviation from the
equilibrium potential at an electrode surface, and is defined as:
!
!
!
!
!
(4.4)
" = # $ E0
0

!

where E is the equilibrium potential for an electrochemical reaction at standard state,
typically 293 K at 1 atm [Prentice 1991]. The remaining boundaries are insulationsymmetry boundaries and are governed by:

! "# = 0

(4.5)

4.2.1 Current Density Boundary Conditions
!

The relationship between current density and potential at the electrode surfaces is
typically obtained by fitting experimental data [Bard and Faulkner 2001]. In water, the
primary electrochemical reaction at the aluminum anode is [Wang et al. 2010]:
Al + 3OH ! " Al(OH)3 + 3e!

(4.6)

Furthermore, in water, there is an additional, parasitic, reaction at the aluminum anode
[Wang et al. 2010]:
Al + 3H 2 O ! Al(OH)3 +

3
H2
2

(4.7)

Accounting for these reactions, the kinetic parameters of the aluminum anode were
determined by fitting a polarization curve to the Butler-Volmer equation [Bard and
Faulkner 2001]:

%
" F#
$" F# (
j = j 0 ' exp a s $ exp c s *
&
RT
RT )

!

(4.8)

Conceptually, the first term describes the anodic (reduction) contribution to the net
current at a given potential, while the second term describes the cathodic (oxidation)
contribution to the net current. With that in mind, the variables in the Butler-Volmer
model are:
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j 0 , the exchange current density. The exchange current density is the current density
where the anodic and cathodic contributions are equal, resulting in no net current.
!

" a and " c , the anodic and cathodic transfer coefficients, which respectively describe the
energy required for each reaction to occur.

!

" , the surface overpotential, the deviation of the electrode potential from its equilibrium
! s
potential.

!

F , the Faraday constant (96500 C/mol).
R , the universal gas constant (8.314 J/mol-K).

!

T , the temperature of the electrode reaction (K).

!

The electrochemical reaction at the air cathode in water is:

!

O 2 + 2H 2 O + 4e! " 4OH !

(4.9)

The current-potential relation for this reaction was determined by linearly fitting a
polarization curve for a Yardney AC51 air cathode [Yardney Technical Products, Inc.].
For a galvanic electrochemical cell, the voltage delivered is going to be less than
the equilibrium potential of the electrochemical cell due to irreversible losses [Prentice
1991]:

Vdel = Eeq ! Eloss

(4.10)

The equilibrium potential of the electrochemical cell is the difference between the
cathode and anode reduction equilibrium potentials at standard state ( E a0 and E c0 ,
respectively) [Prentice 1991; Bard and Faulkner 2001]:
Eeq = Ec0 ! Ea0

!

!

(4.11)

Irreversible losses have three classifications [Prentice 1991; Bard and Faulkner 2001]:
1. Surface losses from sluggish electrode kinetics.
2. Concentration losses due to mass-transfer limitations.
3. Ohmic losses in the electrolyte.
Since concentration losses are neglected in secondary current distribution models, the
irreversible losses can be represented as:

E loss = " s,a # " s,c + $%ohm

(4.12)
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!

where "#ohm is the ohmic loss in the electrolyte, and can be further decomposed to:
"#ohm = #a $ #c

(4.13)

! Combining Eqns. 4.10, 4.12, and 4.13:
!

Vdel = Eeq ! !s,a + !s,c ! " a + "c

(4.14)

provides a more detailed relation for the voltage that must be applied to the
electrochemical cell to compensate for irreversible losses. Since kinetic models provide
the net current density at an electrode surface as a function of surface overpotential, the
equation above can be separated to obtain the surface overpotentials at the anode and
cathode:

!

!s,a = Eeq !Vdel ! " a

(4.15)

" s,c = #$c

(4.16)

Substituting Eqns. 4.15 and 4.16 into the current-potential relations for the anode and
cathode, respectively, enables an implicit numerical solution.
The results of the secondary current distribution model are affected by the
conductivity of the bulk electrolyte ( " ) and the load voltage ( Vload ), which regulates the
amount of current drawn from the device (decreasing the load voltage increase the
current drawn). A parametric study was performed by varying the conductivity and load
voltage in a series of models.
! In each model, the potential distribution was solved for
using the finite element analysis software COMSOL Multiphysics 4.0a. The electric field,
defined as:
(4.17)

E = "#

!

was calculated using the potential distribution. Furthermore, by integrating the current
density at the anode or cathode boundary, the total current through the model domain was
determined. Using the total current through the domain, the power output, defined as:

P = jtotVload

(4.18)

was calculated.
The model parameters used in the self-powered micro-electroporation model are
shown in Table 4.1.
Table 4.1: Self-powered micro-electroporation model parameters.
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Global
Faraday constant

F

C mol^-1

96500

Universal gas constant

R

J mol^-1 K^-1

8.314

T

K

298

Electrochemical cell equilibrium potential

E eq

V

1.41

Load voltage

V appl

V

0.5 – 1.4

Temperature

!
!

Water conductivity

Exchange current density
Anodic transfer coefficient
Cathodic transfer coefficient

!

S m^-1
"
!
Anode (Butler-Volmer)
!
j 0,a
A m^-2
!
" a,a
-

!
Slope

" c,a

!

-

0.0005, 0.005, 0.05

816.87
0.08767
0.2134

Cathode (Linear)

!

Intercept

a

A m^-2 V^-1

2270

b

A m^-2

-24.2

4.3 RESULTS AND DISCUSSION
The goal of every electroporation device is to generate electric field magnitudes
that are capable of inducing electroporation, which requires substantial ohmic drops in
the electrolyte. In regards to the self-powered micro-electroporation configuration, (1)
decreasing the conductivity ( ! ) and (2) decreasing the load voltage ( Vload ) (increasing
the current drawn from the configuration) increases the ohmic drop in the electrolyte.
The secondary current distribution model shows that decreasing the electrolyte
conductivity increases the electric field magnitudes in the self-powered microelectroporation configuration (Figure 4.3). Electroporation-inducing electric field
magnitudes cannot be generated in water with a conductivity of 5e-2 S/m. However,
water with a conductivity of 5e-3 S/m is capable of generating reversible electroporationinducing electric field magnitudes (> 1 kV/cm) at load voltages of less than 1.2 V
[Weaver and Chizmadzhev 1996]. The largest electric field magnitudes are present in
water with a conductivity of 5e-4 S/m. At this conductivity, a load voltage as high as 1.3
V results in a maximum electric field magnitude of 2.68 kV/cm. Furthermore, at a load
voltage of 0.9 V the maximum electric field in a configuration with a conductivity of 5e-4
S/m is 13.12 kV/cm, which is larger than the electric field magnitude required to induce
irreversible electroporation (>10 kV/cm) [Sale and Hamilton 1967].
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Figure 4.3: The effect of water conductivity and load voltage on electric field
magnitude along the y-centerline of the secondary current distribution model
domain. Electroporation-inducing electric field magnitudes cannot be generated in
water with a conductivity of 5e-2 S/m. Water with a conductivity of 5e-3 S/m is
capable of generating reversible electroporation-inducing electric field magnitudes
(> 1 kV/cm) at load voltages of less than 1.2 V. The largest electric field magnitudes
are present in water with a conductivity of 5e-4 S/m. At this conductivity, load
voltages of less than 0.9 V can generate irreversible electroporation-inducing
electric field magnitudes.
For a given conductivity, the secondary current distribution model shows that
decreasing the load voltage (increasing the current density drawn from the self-powered
micro-electroporation configuration) increases the electric field magnitudes in the
electrolyte (Figure 4.3). Maximum electric field magnitudes of 3.48 and 4.82 kV/cm can
be generated in water with a conductivity of 5e-3 S/m at load voltages of 0.9 and 0.7 V,
respectively. However, at lower conductivities, the same load voltages generate
substantially larger electric field magnitudes. Water with a conductivity of 5e-4 S/m is
capable of generating maximum electric field magnitudes of 13.2 and 18.2 kV/cm at load
voltages of 0.9 and 0.7 V, respectively. The reason for the discrepancy in electric field
magnitudes between the water conductivities can be explained by examining the sources
of potential losses in the self-powered micro-electroporation configuration. In a
configuration with 5e-3 S/m conductivity water, the ohmic drop in the electrolyte is not
the dominant potential loss in the configuration. The air cathode is non-polarizable
relative to the anode. Therefore, to sustain the large currents required to generate an
electric field in the electrolyte, a large overpotential must be present at the cathode
surface. For this scenario, the overpotential at the cathode is the dominant potential drop
in the configuration. This is not the case in a configuration with 5e-4 S/m conductivity
water, where the dominant potential loss is the ohmic drop in the electrolyte, which
results in larger electric field magnitudes.
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Since the self-powered electroporation configuration is a galvanic electrochemical
cell, it can also generate a small amount of power (Figure 4.4). Figure 4.4 does not
include power output data for 5e-2 S/m water because it could not generate
electroporation-inducing electric field magnitudes. While power generation is not the
primary purpose of the configuration, the power it generates could potentially be used in
MEMS applications. As expected, configurations with 5e-3 S/m water produce the most
power, while configurations with 5e-4 S/m water produce the least power. For both
conductivities, the maximum power output occurs at a load voltage of 0.7 V. At this load
voltage, power output densities of 163.07 and 31.85 mW/cm2 are produced in 5e-3 and
5e-4 S/m water, respectively. Therefore, as expected, configurations that result in the
largest electric field magnitudes also produce the least power. Nonetheless, it may be
possible to optimize the configuration to satisfy a set of given electric field and power
output requirements.
It should be noted that the power output predicted for 5e-3 S/m conductivity water
may be higher than would be experimentally observed. Polarization data for the air
cathode only went up to 60 mA/cm2, and at a conductivity of 5e-3 S/m, the current
generated by the device at low load voltages exceeded that value. Therefore, for those
scenarios, the polarization data at the air cathode was extrapolated. The current densities
for 5e-4 S/m water never exceeded 60 mA/cm2.

Figure 4.4: Power output of the self-powered micro-electroporation device. Power
output for 5e-2 S/m water is not shown since it could not generate electroporation
inducing electric field magnitudes. Configurations with 5e-3 S/m water produce the
most power, while configurations with 5e-4 S/m water produce the least power. For
both conductivities, the maximum power output occurs at a load voltage of 0.7 V.
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4.4 SUMMARY
A secondary current distribution model of a self-powered micro-electroporation
device composed of an aluminum anode, air cathode, and water electrolyte was
developed to assess the theoretical feasibility of self-powered micro-electroporation. The
model indicates that self-powered micro-electroporation is theoretically feasible. At
sufficiently low electrolyte conductivities, the aluminum-air chemistry is capable of
generating reversible and irreversible electroporation-inducing electric field magnitudes.
Additionally, for a given electrolyte conductivity, increasing the current drawn from the
self-powered micro-electroporation device increases the electric field magnitudes in the
electrolyte. Finally, it is possible to generate a small amount of power from the selfpowered electroporation device.
While this work demonstrates the theoretical feasibility of self-powered microelectroporation, a great deal of research remains. The ultimate goal is to fabricate a
working prototype, however, it may be more beneficial to continue theoretical work
before pursuing that endeavor. Firstly, expanding the secondary current distribution
model to account for concentration losses (tertiary current distribution model) would
provide valuable information about the limiting current densities of various
electrochemical cell chemistries. This knowledge would allow us to more accurately
predict the electric field magnitudes generated in the configuration. Secondly, various
electrochemical cell chemistries need to be explored and assessed. For this analysis, the
aluminum-air chemistry was chosen because it can be implemented in water-based
electrolytes, and therefore, could potentially be used for water sterilization or
electroporating cell suspensions. Knowledge of more electrochemical cell chemistries
will be valuable for designing self-powered micro-electroporation devices for specific
applications
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CHAPTER 5: DISSERTATION SUMMARY AND FUTURE WORK
5.1 DISSERTATION SUMMARY
This dissertation presents a new electrode configuration aimed at minimizing the
potential difference required to perform electroporation. In doing so, this new electrode
configuration will increase the accessibility of electroporation, making its use feasible for
a wide range of non-traditional, remote applications.
The electrode configuration proposed in this dissertation is termed singularityinduced micro-electroporation. Singularity-induced micro-electroporation is composed of
an electrolyte atop two adjacent electrodes separated by an infinitesimally small insulator.
Application of a small potential difference between the adjacent electrodes results in a
radially varying electric field emanating from the infinitesimally small insulator (Figure
1.7). Since it has been shown that applying an electric field along small portions of the
cell membrane can induce electroporation, this radially varying electric field can be used
to electroporate cells suspended in the electrolyte [Diaz-Rivera and Rubinsky 2006].
Mirroring the configuration and placing it in series forms a micro-electroporation channel
with multiple electric fields (Figure 1.8). Cells flowing through this channel will
experience a pulsed electric field. Furthermore, adjusting the electrolyte flow rate alters
the duration of the electric field experienced by cells suspended in the electrolyte.
Additionally, the micro-electroporation channel facilitates modeling singularity-induced
micro-electroporation.
This dissertation provides a preliminary assessment of singularity-induced microelectroporation to determine if the fabrication of a singularity-induced microelectroporation device is feasible and worthwhile. In particular, theoretical models are
used to assess the effect of geometry and electrode kinetics on the electric fields
generated in the singularity-induced micro-electroporation configuration.
Chapter 2 contains a primary current distribution model aimed at determining the
effect of micro-electroporation channel geometry and cell size on the electric field
distribution developed in the electrolyte of the singularity-induced micro-electroporation
channel. In the absence of cells, decreasing the micro-electroporation channel height
results in an exponential increase in the electric field magnitude in the center of the
channel. Additionally, cells experience exponentially greater electric field magnitudes the
closer they are to the micro-electroporation channel walls. Finally, a coupled thermal
model of the micro-electroporation channel shows negligible temperature increases due
to ohmic heating. Therefore, there is little chance of thermally damaging a cell in the
micro-electroporation channel.
Chapter 3 aims to assess the practical feasibility of singularity-induced microelectroporation by expanding the primary current distribution model developed in
Chapter 2. Two models, (1) a modified, non-dimensional, primary current distribution
model of a micro-electroporation channel, and (2) a secondary current distribution model
of the singularity-induced micro-electroporation configuration with platinum electrodes
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and water electrolyte, were created to determine the effect of insulator thickness and
electrode kinetics on the electric field distribution in the micro-electroporation channel,
respectively.
The non-dimensional, primary current distribution model was modified to analyze
the effect of insulator thickness on the electric field distribution of a microelectroporation channel. The results of this model showed that increasing the insulator
thickness exponentially reduces the electric field magnitude directly above the center of
the insulator and inhibits the permeation of high-strength electric fields in the electrolyte.
However, high-strength electric fields can still be generated with insulators thick enough
to be created with MEMS manufacturing techniques [Owa and Nagasaka 2008; Broers et
al. 1996]. Therefore, insulator thickness does not inhibit the practical feasibility of
creating singularity-induced micro-electroporation systems.
A secondary current distribution model of the singularity-induced microelectroporation configuration with platinum electrodes and water electrolyte was
developed to examine the effect of electrode kinetics on the electric field distribution in
the water. The results of this model show that electric field magnitudes in excess of those
required to induce reversible (1-3 kV/cm) and irreversible (10 kV/cm) electroporation
can be generated in water with platinum electrodes. This further substantiates the
practical feasibility of implementing a singularity-induced micro-electroporation device.
Additionally, the secondary current distribution model shows that at low applied
voltages, significantly larger electric field magnitudes are present in lower conductivity
water. Initially, as the applied voltage increases there is an exponential increase in
electric field magnitudes in the water. However, at large applied voltages, increasing the
applied voltage negligibly changes the electric field magnitudes, regardless of water
conductivity. Furthermore, at large applied voltages, the required power input is highly
dependent on the conductivity of the water. Therefore, it can be concluded that low
conductivity water generates the largest electric field magnitudes with the least power
input, and high conductivity water generates the smallest electric field magnitudes with
the most power input.
Chapter 4 introduces the concept of self-powered micro-electroporation. The selfpowered micro-electroporation device will use the singularity-induced microelectroporation configuration to amplify the electric field distribution created by the
ohmic drop of a galvanic electrochemical cell [Prentice 1991]. This electric field
distribution can be used to perform electroporation.
A secondary current distribution model of a self-powered micro-electroporation
device composed of an aluminum anode, air cathode, and water electrolyte was
developed to assess the theoretical feasibility of self-powered micro-electroporation. The
model indicates that self-powered micro-electroporation is theoretically feasible. At
sufficiently low electrolyte conductivities, the aluminum-air chemistry is capable of
generating reversible and irreversible electroporation-inducing electric field magnitudes.
Additionally, for a given electrolyte conductivity, increasing the current drawn from the
self-powered micro-electroporation device increases the electric field magnitudes in the
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electrolyte. Finally, it is possible to generate a small amount of power from the selfpowered electroporation device.
5.2 FUTURE WORK
Singularity-induced micro-electroporation is clearly in its infancy, and therefore,
a great deal of work remains. However, the results of this dissertation have elucidated
some key research areas that should be pursued to advance singularity-induced microelectroporation.
The results of the primary and secondary current distribution models presented in
this dissertation have provided a substantial amount of evidence to warrant the fabrication
of a singularity-induced micro-electroporation device. Perhaps the most convincing
evidence to justify fabrication is the small potential differences required to generate
irreversible electroporation-inducing electric field magnitudes. Based on the results of the
secondary current distribution model, these electric field magnitudes can be generated
with a potential as low as 3.2 V, an extraordinarily low value compared to the 20-1400 V
required in typical electroporation devices [Fox et al. 2006]. If an actual device validates
these results, it could lead to the creation of numerous electroporation devices aimed at
remote applications, which could ultimately make electroporation a more affordable and
accessible technology.
More immediately, there is a great deal of verification and characterization that
could be pursued should a preliminary fabrication show promising results. Some potential
studies include:
1. Verification and characterization of the separation distance between the cell and
the singularity (insulator) to verify the results of the primary current distribution
model.
2. Characterization of transfection efficiency in a singularity-induced microelectroporation device. The focused electric field generated by the singularityinduced micro-electroporation configuration may lead to more focused pore
formation, which could ultimately improve transfection efficiency compared to
traditional electroporation devices.
3. Characterization of cell suspension flow rate (pulse length) in the microelectroporation channel. The micro-electroporation channel not only minimizes
the voltage difference required to perform electroporation, but also eliminates the
need for a pulse generator. An important step in better understanding the microelectroporation channel is to characterize how the flow rate of a cell suspension
through it affects the electroporation process, and compare these results to the
electroporation process in a traditional device. These results could show that the
throughput of the micro-electroporation channel is comparable to that of a macroelectroporation device, and combined with 1 and 2 (above), lead to the creation of
an electroporation device with more consistent electroporation results than current
macro-electroporation devices.
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4. Verification and characterization of sterilization in singularity-induced microelectroporation and the micro-electroporation channel. Verifying the results of the
water sterilization model presented in Chapter 2, as well as the results of the
secondary current distribution model presented in Chapter 3, would strongly
justify development of an on-demand, simple liquid sterilization system. This
system would not only be useful for water sterilization in developing nations, but
also the food and service industries.
Although the most logical step towards progressing singularity-induced microelectroporation is fabricating a working prototype, more theoretical modeling would
provide valuable information about singularity-induced micro-electroporation devices
and how the radially varying electric field they generate affects the electroporation
mechanism. Some future theoretical studies include:
1. Expanding the secondary current distribution model presented in Chapter 2 to a
tertiary current distribution model. As previously outlined, a secondary current
distribution model accounts for ohmic losses in the electrolyte and kinetic losses
at electrode surfaces. A tertiary current distribution model expands on this by also
accounting for concentration losses at the electrode surfaces. Concentration losses
limit current transfer at an electrode surface due to the depletion of chargecarriers. In the context of singularity-induced micro-electroporation,
concentration losses increase the overpotential at an electrode surface, and could
lead to larger required potential differences. Thankfully, these losses are less
impactful in electrochemical cells that have electrolyte flow (the microelectroporation channel). However, understanding these losses in the context of
singularity-induced micro-electroporation is valuable, and could aid in
determining appropriate electrode materials, particularly if a self-powered microelectroporation device were to be developed.
2. Building on previous electroporation models to determine how the radially
varying electric field generated by singularity-induced micro-electroporation
affects pore formation. Previous electroporation models using uniform electric
fields have shown that pore formation begins at the poles of cells, which are
normal to the applied electric field lines [Krassowska and Filev 2007]. The results
of the primary current distribution model in Chapter 1 show that the radially
varying electric field essentially ‘engulfs’ the cell, causing the electric field lines
to be normal to a large portion of the cell. Modeling pore formation in radially
varying electric fields could show that initial pore formation is quicker and more
localized than uniform electric fields. This could ultimately lead to quicker, more
effective transfection, and if desired, accelerated cell death, both of which would
make a strong case for further study of singularity-induced micro-electroporation.
3. Investigation of the potential benefits of the singularity-induced microelectroporation configuration for micro-battery design. The self-powered microelectroporation device proposed in Chapter 4 is essentially an aluminum-air
micro-battery. While the energy production of a micro-battery is always going to
be dictated by the materials it is composed of, the singularity-induced micro65	
  

electroporation configuration may offer enhanced ionic conductivity in the
electrolyte.
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APPENDIX 1: ANALYTICAL SOLUTION TO NON-DIMENSIONAL
PRIMARY CURRENT DISTRIBUTION MODEL WITHOUT CELLS
AND AN INFINITESIMALLY SMALL INSULATOR
Governing equation:
!!Φ 1 !!Φ
+   
=0
!" !
! !" !

(A1.1)

Boundary conditions:
Φ! = 1   0 < ! ≤ 0.5, ! = 0

(A1.2)

Φ! = 0   0.5 ≤ ! < 1, ! = 0

(A1.3)

∇Φ = 0  

!=0
!=1
0<!≤1

0<!≤1
0<!≤1
!=1

(A1.4)

Separating Φ into X and Y components:
(A1.5)

Φ = ΦXΦY

Substituting (A1.5) into (A1.1):
! ! ΦXΦY
1 ! ! ΦXΦY
+
=0
!
!"
!
!" !

(A1.6)

! ! ΦX
! ! ΦY
1
!
!" +
!" ! = 0
Φ!
! Φ!

(A1.7)

This equation can only be satisfied if both terms are equal, opposite, and constant:
! ! ΦX
! ! ΦY
!" ! = − 1 !" ! = −!!
Φ!
! Φ!

(A1.8)

Equation in X direction:
! ! ΦX
+ !! Φ! = 0
!" !

(A1.9)

Equation in Y direction:
! ! ΦY
− !! A! Φ! = 0
!" !

(A1.10)

Solution to (A1.9):
73	
  

(A1.11)

Φ! = !! sin !" + !! cos !"

Solution to (A1.10):
(A1.12)

Φ! = !! sinh !"# + !! cosh !"#

Find eigenfunctions and eigenvalues using homogeneous direction (X). First, take the
derivative of (A1.11):
!Φ!
= !! ! cos !" − !! ! sin !"
!"

(A1.13)

Applying boundary conditions from (A1.4):
!! = 0

(A1.14)

! = !"  !ℎ!"!  ! = 0,1,2, ⋯ , ∞

(A1.15)

Therefore, plugging (A1.14) and (A1.15) into (A1.11) yields:
Φ! = !! cos !"#   !ℎ!"!  ! = 0,1,2, ⋯ , ∞

(A1.16)

Apply final boundary condition from (A1.4) to (A1.12):
!! = −!!

cosh  (!")
sinh  (!")

(A1.17)

Plugging (A1.17) into (A1.12) yields:
Φ! = !! sinh !"# − !!

cosh !"
cosh !"#
sinh !"

(A1.18)

Plugging (A1.16) and (A1.18) into (A1.5) yields a general solution to the problem:
!

Φ=

!! cos  (!"#) sinh !"#$ −
!!!

cosh !"#
cosh  (!"#$)
sinh !"#

(A1.19)

Separate out the 0th term:
Φ

1
sinh !"#
cosh !"#
sinh !"#$ −
cosh !"#$
sinh !"#

= lim !! sinh !"#$ −
!→!
!

+

!! cos !"#
!!!

(A1.20)
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Apply orthogonality to (A1.20) and apply non-homogeneous boundary condition (A1.2)
and (A1.3). First, deal with the 0th term:
!! = lim
!→!

−sinh  (!"#)
2

(A1.21)

Deal with the other terms:
!.!

− ! cos  (!"#)!"
!! =
cosh  (!"#) !
!"# ! (!"#)!"
sinh  (!"#) !

(A1.22)

Finally, plug (A1.21) and (A1.22) into (A1.20) to yield final solution.

75	
  

APPENDIX 2: PRIMARY CURRENT DISTRIBUTION MODEL AND
NON-DIMENSIONAL PRIMARY CURRENT DISTRIBUTION
MODEL FINITE DIFFERENCE CODE
A2.1 PRIMARY CURRENT DISTRIBUTION MODEL FINITE DIFFERENCE
clc;
clear all;
tic
%% Inputs
H = 1e-6; % height of domain (m)
L = 10e-6; % length of domain (m)
ins_L = 100e-9;
% length of insulator (m)
% FOR TESTING
diff = 0.5;
% potential difference (V)
%% Setup grid
m = 300;
n = 300;

% number of x nodes
% number of y nodes

for i=1:m
x(i,1) = (i-1)*L/(m-1);
end
Dx = L/(m-1);
for j=1:n
y(j,1) = (j-1)*H/(n-1);
end
Dy = H/(n-1);
%% Internal nodes
A = spalloc(m*n,m*n,5*m*n);
for i=2:(m-1)
for j=2:(n-1)
A(m*(j-1)+i,m*(j-1)+i) =
A(m*(j-1)+i,m*(j-1)+i-1)
A(m*(j-1)+i,m*(j-1)+i+1)
A(m*(j-1)+i,m*(j-1-1)+i)

-2*(Dy/Dx + Dx/Dy);
= Dy/Dx;
= Dy/Dx;
= Dx/Dy;
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A(m*(j-1)+i,m*(j+1-1)+i) = Dx/Dy;
b(m*(j-1)+i,1) = 0;
end
end
%% Boundaries
for i=2:(m-1)
% bottom boundary
if x(i)<(L/2)
A(m*(1-1)+i,m*(1-1)+i) = 1;
b(m*(1-1)+i,1) = diff;
elseif x(i)>=((L/2)-(ins_L/2)) && x(i)<=((L/2)+(ins_L/2))
A(m*(1-1)+i,m*(1-1)+i) =
A(m*(1-1)+i,m*(1-1)+i-1)
A(m*(1-1)+i,m*(1-1)+i+1)
A(m*(1-1)+i,m*(1+1-1)+i)
b(m*(1-1)+i,1) = 0;

-(Dy/Dx + 2*Dx/Dy);
= Dy/(2*Dx);
= Dy/(2*Dx);
= 2*Dx/Dy;

else
A(m*(1-1)+i,m*(1-1)+i) = 1;
b(m*(1-1)+i,1) = 0;
end
% top boundary
A(m*(n-1)+i,m*(n-1)+i) =
A(m*(n-1)+i,m*(n-1)+i-1)
A(m*(n-1)+i,m*(n-1)+i+1)
A(m*(n-1)+i,m*(n-1-1)+i)
b(m*(n-1)+i,1) = 0;

-(Dy/Dx + 2*Dx/Dy);
= Dy/(2*Dx);
= Dy/(2*Dx);
= 2*Dx/Dy;

end
for j=2:(n-1)
% left boundary
A(m*(j-1)+1,m*(j-1)+1) =
A(m*(j-1)+1,m*(j-1)+1+1)
A(m*(j-1)+1,m*(j-1-1)+1)
A(m*(j-1)+1,m*(j+1-1)+1)
b(m*(j-1)+1,1) = 0;
% right boundary
A(m*(j-1)+m,m*(j-1)+m) =
A(m*(j-1)+m,m*(j-1)+m-1)
A(m*(j-1)+m,m*(j-1-1)+m)
A(m*(j-1)+m,m*(j+1-1)+m)

-(Dx/Dy + 2*Dy/Dx);
= 2*Dy/Dx;
= Dx/(2*Dy);
= Dx/(2*Dy);

-(Dx/Dy + 2*Dy/Dx);
= 2*Dy/Dx;
= Dx/(2*Dy);
= Dx/(2*Dy);
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b(m*(j-1)+m,1) = 0;
end
% bottom left corner
A(m*(1-1)+1,m*(1-1)+1) = -(Dy/Dx + Dx/Dy);
A(m*(1-1)+1,m*(1-1)+1+1) = Dy/Dx;
A(m*(1-1)+1,m*(1+1-1)+1) = Dx/Dy;
b(m*(1-1)+1,1) = 0;
% bottom right corner
A(m*(1-1)+m,m*(1-1)+m) = -(Dy/Dx + Dx/Dy);
A(m*(1-1)+m,m*(1-1)+m-1) = Dy/Dx;
A(m*(1-1)+m,m*(1+1-1)+m) = Dx/Dy;
b(m*(1-1)+m,1) = 0;
% top left corner
A(m*(n-1)+1,m*(n-1)+1) = -(Dy/Dx + Dx/Dy);
A(m*(n-1)+1,m*(n-1)+1+1) = Dy/Dx;
A(m*(n-1)+1,m*(n-1-1)+1) = Dx/Dy;
b(m*(n-1)+1,1) = 0;
% top right corner
A(m*(n-1)+m,m*(n-1)+m) = -(Dy/Dx + Dx/Dy);
A(m*(n-1)+m,m*(n-1)+m-1) = Dy/Dx;
A(m*(n-1)+m,m*(n-1-1)+m) = Dx/Dy;
b(m*(n-1)+m,1) = 0;
%% Solve
X=A\b;
for i=1:m
for j=1:n
theta(i,j) = X(m*(j-1)+i);
end
end
%% Calculate electric field
[dtheta_dx,dtheta_dy] = gradient(theta',Dx,Dy);
EF = sqrt(((-dtheta_dx).^2) + ((-dtheta_dy).^2));
toc
%% Plot
sz = 400;
theta_fig = figure('Position',[0 0 sz*(L/L) sz*(H/L)]);
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contourf(x,y,theta',200,'LineColor','none');
axis off;
EF_fig = figure('Position',[0 0 sz*(L/L) sz*(H/L)]);
contourf(x,y,EF,200,'LineColor','none');
caxis([0 100000]);
axis off;

A2.2 NON-DIMENSIONAL PRIMARY CURRENT DISTRIBUTION MODEL
FINITE DIFFERENCE
clc;
clear all;
tic
%% Inputs
AR = 0.1;
I = 0.45;
%% Setup grid
m = 400;
n = 400;

% number of X nodes
% number of Y nodes

for i=1:m
X(i,1) = (i-1)/(m-1);
end
DX = 1/(m-1);
for j=1:n
Y(j,1) = (j-1)/(n-1);
end
DY = 1/(n-1);
%% Setup parametric study
for k=1:length(AR)
for l=1:length(I)
%% Internal nodes
A = spalloc(m*n,m*n,5*m*n);
for i=2:(m-1)
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for j=2:(n-1)
A(m*(j-1)+i,m*(j-1)+i) =
A(m*(j-1)+i,m*(j-1)+i-1)
A(m*(j-1)+i,m*(j-1)+i+1)
A(m*(j-1)+i,m*(j-1-1)+i)
A(m*(j-1)+i,m*(j+1-1)+i)
b(m*(j-1)+i,1) = 0;

-2*(AR(k)+(1/AR(k)));
= AR(k);
= AR(k);
= 1/AR(k);
= 1/AR(k);

end
end
%% Boundaries
for i=2:(m-1)
% bottom boundary
if X(i)<((1/2)-(I(l)/2))
A(m*(1-1)+i,m*(1-1)+i) = 1;
b(m*(1-1)+i,1) = 1;
elseif X(i)>=((1/2)-(I(l)/2)) && X(i)<=((1/2)+(I(l)/2))
A(m*(1-1)+i,m*(1-1)+i) =
A(m*(1-1)+i,m*(1-1)+i-1)
A(m*(1-1)+i,m*(1-1)+i+1)
A(m*(1-1)+i,m*(1+1-1)+i)
b(m*(1-1)+i,1) = 0;

-((2/AR(k))+AR(k));
= (1/2)*AR(k);
= (1/2)*AR(k);
= 2/AR(k);

else
A(m*(1-1)+i,m*(1-1)+i) = 1;
b(m*(1-1)+i,1) = 0;
end
% top boundary
A(m*(n-1)+i,m*(n-1)+i) =
A(m*(n-1)+i,m*(n-1)+i-1)
A(m*(n-1)+i,m*(n-1)+i+1)
A(m*(n-1)+i,m*(n-1-1)+i)
b(m*(n-1)+i,1) = 0;

-((2/AR(k))+AR(k));
= (1/2)*AR(k);
= (1/2)*AR(k);
= 2/AR(k);

end
for j=2:(n-1)
% left boundary
A(m*(j-1)+1,m*(j-1)+1) =
A(m*(j-1)+1,m*(j-1)+1+1)
A(m*(j-1)+1,m*(j-1-1)+1)
A(m*(j-1)+1,m*(j+1-1)+1)
b(m*(j-1)+1,1) = 0;

-((1/AR(k))+2*AR(k));
= 2*AR(k);
= 1/(2*AR(k));
= 1/(2*AR(k));
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% right boundary
A(m*(j-1)+m,m*(j-1)+m) =
A(m*(j-1)+m,m*(j-1)+m-1)
A(m*(j-1)+m,m*(j-1-1)+m)
A(m*(j-1)+m,m*(j+1-1)+m)
b(m*(j-1)+m,1) = 0;

-((1/AR(k))+2*AR(k));
= 2*AR(k);
=1/(2*AR(k));
= 1/(2*AR(k));

end
% bottom left corner
A(m*(1-1)+1,m*(1-1)+1) = -((1/AR(k))+AR(k));
A(m*(1-1)+1,m*(1-1)+1+1) = AR(k);
A(m*(1-1)+1,m*(1+1-1)+1) = 1/AR(k);
b(m*(1-1)+1,1) = 0;
% bottom right corner
A(m*(1-1)+m,m*(1-1)+m) = -((1/AR(k))+AR(k));
A(m*(1-1)+m,m*(1-1)+m-1) = AR(k);
A(m*(1-1)+m,m*(1+1-1)+m) = 1/AR(k);
b(m*(1-1)+m,1) = 0;
% top left corner
A(m*(n-1)+1,m*(n-1)+1) = -((1/AR(k))+AR(k));
A(m*(n-1)+1,m*(n-1)+1+1) = AR(k);
A(m*(n-1)+1,m*(n-1-1)+1) = 1/AR(k);
b(m*(n-1)+1,1) = 0;
% top right corner
A(m*(n-1)+m,m*(n-1)+m) = -((1/AR(k))+AR(k));
A(m*(n-1)+m,m*(n-1)+m-1) = AR(k);
A(m*(n-1)+m,m*(n-1-1)+m) = 1/AR(k);
b(m*(n-1)+m,1) = 0;
%% Solve
Z=A\b;
for i=1:m
for j=1:n
theta(i,j) = Z(m*(j-1)+i);
end
end
%% Calculate electric field
[dtheta_dX,dtheta_dY] = gradient(theta',X,Y);
EF{k,l} = sqrt(((-dtheta_dX).^2) + ((-dtheta_dY).^2));
EF_05_1(k,l) = EF{k,l}(n,m/2);
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%% End parametric study
end
end
%% Plot
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

figure(1);
mesh(AR,I,EF_05_1');
set(gca,'XDir','reverse')
set(gca,'YDir','reverse')
figure(2);
hold on;
for i=1:length(I)
plot(AR,EF_05_1(:,i));
end
figure(3);
hold on;
for i=1:length(AR)
plot(I,EF_05_1(i,:));
end
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