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ABSTRACT

MICHAEL ALAN MCLAIN JR. High fidelity measurement of bioelectrical signals (Under
the direction of DR. S. MEHDI MIRI.)

Previous research regarding the acquisition and electrical characterization of bio-
electrical signals of both noninvasive “oriundis in vivo”, generally associated with elec-
tromyography (EMG), electrocardiography (EKG), or electroencephalography (EEG), and
active “oriundis exr wvivo et wvitro” material characterization, generally associated with
bioimpedance spectroscopy (BIS); while successfully providing beneficial results, was ul-
timately plagued with a variety of intrinsic electrical distortions [1] [2]. Conversely, the
frequent manifestation of such distortions resulted in an investigation into the nature of
their occurrence, which subsequently resulted in my research into the nature of such dis-
tortions, the conditions in which they occur, useful techniques to model and minimize
their impact, and the underlying methodology needed to obtain the highest fidelity possi-
ble when acquiring such measurements. Furthermore, the techniques developed are then
applied to both noninvasively obtained “oriundis in vivo” and active “oriundis ex vivo et
vitro” applied bioelectrical signals, and the compensated measurements are compared with

the uncompensated measurements obtained within the previously mentioned research.
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CHAPTER 1: PREFACE

The act of investigating observations pertinent to the advancement of the biomedical
research area, or more specifically, investigating the occurrence of bioelectrical phenomena,
is a task that is, for the most part, best summarized as being both intellectually challenging
— primarily because of the large number of interdisciplinary concepts required to effectively
research such subjects, an attribute that requires a highly diverse academic background
that few researchers generally possess — and, on a humanistic level, can be emotionally
gratifying since the knowledge obtained can potentially be utilized to enhance or develop
medical applications that can, in turn, improve the overall quality of medical care provided.

Conversely, because one of the underlying objectives of the biomedical and, to some
extent, the bioelectrical research area, is the creation and advancement of medical appli-
cations — although, admittedly the occasional theoretical tangent arises out of necessity
—; thus, in retrospect, the attempt to reach such underlying objectives, along with the
enriched historical heritage in which the area was metaphorically forged, has seemingly
instilled a number of principles found within the medical profession into this research area,
while, at the same time, creating a unique and somewhat diverse research atmosphere.
Yet, despite such observations being generally considered moderately abstract, a notion
that will be addressed and clarified to some degree within this dissertation; however, the
study of bioelectrical phenomenon, like any isolatable research area, has its own unique,
though somewhat nomadic, research culture, regardless of the conceptual theories utilized,

and while some theoretical overlap might exist between the disciplines — in this case a
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reference is being made to the electrical engineering discipline — it is important to rec-
ognize that the possession of similar theoretical knowledge does not necessarily equate to
comparable research objectives nor motivations.

With this in mind, while some of the notions, previously presented, might seem some-
what vague — a impression that will soon be addressed within the coming chapters; how-
ever, before beginning any in-depth discussion on the subject, it is important to first briefly
discuss the organizational structure utilized within this dissertation to help negate possible
confusion. To begin, it is important to recognize that the subjects addressed, within this
dissertation, though admittedly being researched from an electrical engineering perspective,
are inherently interdisciplinary in nature. Likewise, because interdisciplinary concepts were
utilized, within this dissertation, an attempt was made to present theoretical concepts with-
out a disciplinary bias or, in other words, additional explanation was provided that, in some
instances, might seem somewhat superficial in order to better accommodate an interdisci-
plinary reader. Conversely, this dissertation can arguably be divided into two conceptual
sections; the first section attempts to address the abstract and philosophical attributes that
are fundamentally associated with both the interdisciplinary research and the biomedical
research area, while the second section addresses the more academically palatable physical
research that is generally expected within a scientific dissertation. While the separation
of such concepts — or more precisely the inclusion of philosophical concepts within a sci-
entific dissertation — might, at first, seem strange; however, the interdisciplinary nature
of the research area, the extensive history from which the area arises, and the number
of ways miscommunications can occur between disciplines — within an interdisciplinary
environment —, makes such discussion, in many ways, as important, if not more so, than

the physical concepts being presented.
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On that note, the general progression of the chapters presented, within this dissertation,
is as follows: First, the physical research objectives will be discussed along with a more
detailed discussion regarding the theoretical background needed to understand those con-
cepts. Second, the subject of biomedical and bioelectrical research will be discussed from an
organizational and philosophical perspective, while a number of metaphysical concepts per-
taining to these subjects will be presented along with a number of unique interdisciplinary
attributes. Third, the historical development of the research area will be discussed and, to
some extent, will be related to the metaphysical development from the previous chapter.
Forth, a number of theoretical concepts that are utilized by the physical research being
presented will be discussed, primarily from an electrical and pseudo-chemistry perspective,
while a number of biomedical specifics, like biomaterials and some safety considerations,
will also be addressed. Fifth, the physical research conducted will be presented and the sub-
jects discussed are outlined in more detail by the next chapter. Sixth, concluding remarks,
research summaries, and future research topics will be discussed.

Additionally, it is worth mentioning that, while the organization of this dissertation was
intended for linear reading, it is understandable that certain information, within particular
chapters, is more important than other information, and if the quick acquisition of research
specifics becomes extremely important, primarily because of time restrictions, the historical
and philosophical chapters, although beneficial to interdisciplinary research, can be skipped,
the theoretical fundamental section can be skimmed, the experimentation and research

section reviewed as needed, and the summary read.



CHAPTER 2: INTRODUCTION

The high fidelity acquisition of a bioelectrical signal, or more specifically, the high
fidelity acquisition of a bioelectrical signal obtained through noninvasive active or pas-
sive acquisition techniques — like bioimpedance spectroscopy (BIS) and electromyography
(EMG) — is an extremely important attribute within contemporary biomedical research,
especially since — within the biomedical research area — the fidelity of a signal obtained
oftentimes determines the type of medical treatment that a patient receives or the inherent
assumptions made by biomedical researchers surrounding a particular biomedical process
observed. Conversely, given the overall — high stakes nature — that is increasingly de-
pendent upon the fidelity of the bioelectrical acquisition obtained, the ability to obtain the
highest fidelity possible is of paramount importance; yet, despite the underlying importance
of acquisition fidelity, because the biomedical research community is an extremely diverse
interdisciplinary area — including, but not limited to, chemistry, electrical engineering,
medicine, and biology —, often times the expertise needed to obtain the required signal
fidelity is unfortunately lacking — possibly because of the amount of faith being placed
within commercially available acquisition solutions without a complete understanding of
the actual fidelity obtained.

Likewise, to provide some examples of the subjects overall importance, because the ac-
quisition of a high fidelity bioelectrical signal — like the acquisition of a non-invasive surface
electromyogram (SEMG) — can play a substantial role in the creation of a prosthetic hand

with the ability to control individual finger movements based upon remaining myoelectrical
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stimulus, or the quantitative analysis — in this particular case — of SEMG signals could
aid in the diagnosis of more than 100 neuromuscular disorders [3] [4]. Conversely, because
myoelectric signals are becoming more prevalent within modern human-computer interfaces
— implying the everyday usage of such acquisitions is not far away —, and because the
utilization of classical filtering techniques — like Butterworth filtering — generally distorts
and delays an acquired signal — which implies a degradation of the signals overall acquisi-
tion fidelity — the ability to acquire a raw high fidelity bioelectrical signal — like an sSEMG
— is highly desirable attribute [5].

Conversely, with this being said, it is the intent of this dissertation to examine: First, the
interdisciplinary nature of the biomedical research area in order to obtain an understanding
of the researchers who work within this area, such that the information presented — within
this dissertation — can be provided in a form easily metaphorically palatable by all. Second,
examine what a high fidelity acquisition actually entails relative to the requirements of the
biomedical discipline. Third, identify the fundamental causes of fidelity degradation from
a theoretical perspective. Forth, provide an experimental methodology for determining the
amount of fidelity available from an existing commercial acquisition device at both AC
and DC conditions. Fifth, demonstrate how the experimental apparatus can define the
amount of fidelity obtained and provide techniques to improve this fidelity — including
how to manage hi frequency unbalanced transmission line scenarios —. Sixth, examine
how the fidelity processes — previously described — ultimately come together within a
actual BIS modeling application. Seventh, examine how the experimental BIS examination
of biomaterials can ultimately limit the amount of fidelity obtained, and provide some
solutions to this particular problem. Eighth, examine how passive measuring techniques

can be improved using the, previously discussed, fidelity methods provided. Ninth, examine
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how the, previously discussed, material distortions play a substantial role in the bioelectrical
signals commonly encountered, And lastly, provide some concluding remarks regarding the

implementation of these techniques within a number of biomedical applications.



CHAPTER 3: PHILOSOPHY AND FOUNDATIONS

Few perceptible events have enthralled the mind, cultivated social growth, and promoted
technological innovation as the observation of naturally occurring phenomena has, and
starting from humanities cognitive birth — an important period of time in which humanity
developed the ability to perceive, observe, and comprehend corporeal things — an intrinsic
desire has existed (to) “ad notitiam pervenire” ' all unexplained naturally observable
phenomena [6, p.826] [7, pp.259-270, pp.376-378] [8, pp.283-286]. Conversely, in terms
of the physical manifestation of such attributes, such inborn inquisitiveness has, on more
than one occasion, resulted in humanity appearing to be possessed by an almost zealous
curiosity that, in turn, has yielded a number of profound intellectual advancements over
the years regarding an assortment of unexplained natural occurrences [9, p.84] [10, pp.xx-
xxii] [8, pp.283-286]. Nevertheless, while such notable intellectual accomplishments might
best be attributed to the creation and application of procedural methodologies — like
the organization and classification of corporeal characteristics — or, by some classical
scholars, strictly associated as the product of philosophical thought; however, regardless
of the assumed method of formulation, it is worth mentioning that humanity has been
able (to) “certam rei notitiam habere” * a significant number of these unknown natural
occurrences since its humble beginnings and such accomplishments are the metaphoric
steel upon which scientific understanding was forged [6, p.826] [11, pp.1-9] [12, pp.vii—

51] [8, pp.283-286] [13, p.79].

' Latin phrase for: to understand, perceive, or to discover.
* Latin phrase for: to understand perfectly.



3.1 Biomedical Philosophy and Foundations

Furthermore, while humanities zealous curiosity and prolific intellectual growth over
its cognitive existence is quite impressive — although such sentiments are unavoidably
biased —, nature still remains a vast and wondrous entity that, despite all of humani-
ties greatest intellectual efforts, appears completely unwilling to divulge its secrets and,
if metaphorically associated with a living entity, seems determined to remain shrouded in
an unperceivable veil of eternal mystery [14, pp.9-10, pp.221-225] [15, pp.57-59]. While
such grim descriptions, at least upon considering the intrinsic flexibility that accompanies
its metaphoric status, can be applied freely to describe a variety of currently unknown
natural occurrences and the extensive frustration scholars have endured upon attempting
to unravel such mysteries; however, out of all of the contemporary unknown natural occur-
rences currently being studied within the scientific community, there are few occurrences
that can truly exemplify such, previously mentioned, metaphoric descriptions as the study

of biomedical phenomena can [14, pp.9-10, pp.221-225] [15, pp.57-59)].

3.1.1 Preliminary Observations

Conversely, to provide some rationale to justify this sentiment, while, at the same time,
attempting to preserve some sense of scientific objectivity; it is important to recognize that
— such sentiments — primarily arise because biomedical phenomena, at least upon being
observed, tends to manifest itself in an inherently enigmatic and intellectually strenuous
way [16, p.71,p.318] [17, p.201] [18] [19, p.138]. Likewise, such descriptions — insofar
as how they pertain to the relationship between biomedical research versus other natural
scientific research — seems to differ from their counterparts, based upon the observation
that humanities ability to completely comprehend a particular biomedical phenomenon

always seems to be slightly beyond humanities current cognitive capacity to rationalize
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that occurrence [20, p.111] [21, p.72] [22] [14, p.9, pp.35-36, p.48-49]. Furthermore, to

complicate such attributes further, such innate — though internally perceived — cognitive
inhibitions, seem to have imparted the preconception that attempting to obtain intellectual
gratification on a particular biomedical subject is, not only unlikely, but futile, at least
when compared in relative terms to the underlying certainty that seemingly radiates from
researchers within other scientific research areas [14, pp.9-10, pp.221-225] [15, pp.57-59].

Yet, while such sentiments might appear to be rather harsh — if not dubious —, it
is important to recognize that — such sentiments — were never intended to imply that
humanity is either intellectually incapable of understanding the fundamental mechanisms
behind biomedical phenomena or to trivialize and demean the intellectual discoveries of
non-biomedical researchers [19, pp.31-33] [14, pp.221-225] [23] [24] [25] [26]. After all,
a brief walk through a modern hospital would clearly indicate that humanity has some
level of understanding regarding biomedical phenomena, while clearly the study of quan-
tum mechanics or, for that matter, power distribution — to provide some examples of
non-biomedical research subjects — are far from being either simplistic or trivial [19,
pp-31-33] [14, pp.221-225] [23] [24] [25] [26]. Nevertheless, regardless of the observable
similarities, non-biomedical research subjects tend to follow a rigid philosophy of scientific
analysis that is focused upon a particular and readily measurable series of corporeal at-
tributes, in which assumptions are made regarding the methodological processes used to
define those attributes, whereas, biomedical research subjects, generally possess a seemingly
innate methodological flexibility — as opposed to the, previously mentioned, procedural
simplicity — that, in turn, creates the associated obscurities [19, pp.31-33] [14, pp.221—
225] [23] [24] [25] [26]. Conversely, based upon such observations, it is the occurrence

of methodological flexibility, at least within the biomedical research area, — since such
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flexibility is rarely encountered outside of this particular research area — that appears to
metaphorically shroud this already perplexing subject in an additional veil of mystery and,
as chance would have it, the abundance of such mystery is what makes, the previously
mentioned description, an accurate metaphor to describe the overall extent of nature’s
mystique [19, pp.31-33] [14, pp.221-225] [23] [24] [25] [26].

Thus, in an attempt to reiterate such sentiments in less abstract terms, it is easy to
categorize a physical attribute — such as labeling water falling from the sky as rain —,
more difficult to understand a corporeal composition — such as rain is comprised of water
molecules —, but nearly impossible to define why something occurs — such as why does
rain exist —, and while the question of why has likely been asked within every research
subject, the close association of the biomedical research area with life tends to increase the
frequency in which this question is asked and, as a result, has inadvertently introduced
methodological flexibility in the seemingly inflexible scientific methodology [9, pp.193—
287] [27, p.235] [28, pp.107-133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11,
pp.1-9]. Yet, while it should be pointed out that some scholars — particularly those scholars
unaccustomed to biomedical research, though some outliers lie within the research area —
might proclaim that the question of why, at least in this particular example, can be defined
as a relatively straightforward problem that can be answered through the utilization of
environmental modeling — thus demonstrating one possible way in which other research
areas are easily able to obtain intellectual certainty —; however, a minor caveat does
exist here since such conclusions can never completely satisfy all possible interpretations
30, §§.16.1-16.7] [14, p.9, pp.35-36, p.48-49] [31] [12]. Nevertheless, despite the validity of
such observations, this particular counterpoint tends to be somewhat moot within external

research areas — primarily because of the contemporary academic trend that, even if
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such observations were actively considered, most scientific researchers would generally be
unwilling to implement such alternative interpretations, at least within their own scientific
research — since the inclusion of such possibilities would seem to only further complicate
a previously rationalized and relatively straightforward explanation, and in many respects,
such a stance is not without merit since, after all, science tends to pride itself on providing
intellectual clarity and clockwork precision within its explanations [9, pp.193-287] [27,
p.235] [28, pp.107-133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9].

Still, despite this unfortunate set of circumstances, it is important to recognize that
such abstract interpretations do, in fact, play a significant role within academic research
— particularly biomedical research —, insofar as, such ambiguous interpretations, while by
in large being ignored, do inadvertently have profound scientific and social methodological
ramifications because of the, previously mentioned, methodological flexibility that is inad-
vertently created by the questions inherent existence [9, pp.193-287] [27, p.235] [28, pp.107—
133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9]. Yet, regardless of
such observations, the fact remains that when such methodological flexibility is inevitably
encountered, such flexibility is generally attributed to life being a inherently complicated
process, primarily because a living entity is made up of many independent physical at-
tributes that seemingly come together to create something unique, that is fundamentally
difficult to observe and theoretically predict, thus making it an ideal scapegoat to rationalize
the occurrence of such methodological flexibility [9, pp.193-287] [27, p.235] [28, pp.107-
133] [29, pp.66—69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9].

Conversely, to clarify this point further, consider the methodological flexibility observed
within theoretical models found within mainstream biomedical publications, and although

some of the theoretical models currently circulating, particularly those models that were
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experimentally fitted to predict a particular biomedical process, have had varying degrees
of success; however, the underlying attribute that implies the existence of methodological
flexibility, at least within this particular case, is the fact that the theoretical utilization
of such models appears to actively invoke apprehension within fellow researchers — as
the endorsement of a particular model, within this research area, is an extremely rare
occurrence —, thus implying the existence of some uncertainty surrounding the intent of
the original research objective [32] [33] [34] [35] [36] [11] [14] [29]. While it is possible
that such consequences are, simply the result of the overall complexity of life, yet it could
also be argued that such apprehension arises from personal preconceptions surrounding
these, previously mentioned, alternative interpretations, as such preconceptions tend to
be strongly associated with the assumptions made by the researcher since, after all, the
context in which a piece of research was interpreted tends to effect its appearance of validity,
regardless of its underlying theoretical accuracy, as such attributes seemingly go hand and
hand in defining a researchers ability, at least in this particular case, to accept and effectively
utilize a particular theoretical model [11, pp.1-4] [19, pp.31-33] [14] [29].

Yet, while this notion of a philosophically oriented methodological flexibility, at least
to a scientifically indoctrinated mind, might seem, at first, unlikely given that the overall
complexity and number of theoretical models utilized in biomedical research is stagger-
ing, as such depictions tends to provide a scientifically sound alternative to the philo-
sophical explanation for the, previously mentioned, methodological flexibility found in
the area based upon the classical alternative approach argument [11, pp.1-4] [19, pp.31-
33] [14] [29] [37] [38] [39] [40, pp.5—10]. After all, as long as a theoretical model can provide
accurate predictions of a given occurrence it is generally considered to be a legitimate

explanation until it is proven otherwise, and likewise concurrent explanations of a given
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occurrence are also perfectly valid as long as both explanations are accurate — at least as
long as Ockham’s razor produces equivalent ambiguity; a notion that is elegantly depicted
by the contemporary theory regarding the wave particle duality of light [11] [41, §§.1-
2] [42, §.1.1] [35] [31] [8] [43] [44] [45]. Nevertheless, while such traditional explanations are
indeed acceptable origins for the occurrence of methodological flexibility, it should not be
forgotten that the biomedical research area has also had a lengthy historical heritage that
is abundant with years of abstract inquiry, as some of the earliest biomedical discussions
have attempted to define life and its meaning, and although it will be conceded that such
inquiry — while being very similar to the, previously mentioned, philosophical question
of why, insofar as, having more than one possible interpretation — is, once again, typi-
cally perceived by many contemporary scientist as being an interesting but irrelevant aside
within modern scientific research [46] [47] [48] [12] [8] [43] [11] [14] [49] [50] [51] [36].
Furthermore, such philosophical inquiry, at least upon further examination, tends to
vindicate the notion that the, previously mentioned, philosophical origins are, at the min-
imum a secondary source, if not a primary source, of methodological flexibility within the
biomedical research area, insofar as, an assortment of social and cultural beliefs, once again
naturally developing over humanities cognitive existence, have definitively played a role in
defining the research methodologies utilized by the area, for better or worse [14, pp.221-
225] [52]. Although some skepticism might arise regarding this source of methodological
flexibility; however, a skeptical scholar need only consider how social and cultural beliefs
have swayed scientific research methodologies in years past, and if such thoughts are not
enough to drive away all doubt, further proof can be found upon examination of the his-
torical conflicts between theology and science throughout the dark ages [53] [12] [48] [54].

While evoking evidence that theological conflict has changed research methodologies —
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even if such conflict does still occur, on occasion, in contemporary times — is gener-
ally considered, at least by most scholars, as an ominous subject within a scientific dis-
sertation, yet fortunately the methodological flexibility that arises from such theological
conflicts is only a metaphoric minor cord amongst a greater metaphysical symphony, as
the more scientifically palatable subject of biomedical ethics tends to examine the social
acceptability of biomedical research methodologies in a more scholarly acceptable light
[31] [19] [55] [43] [11] [14] [18, p.31, p.366] [56] [12] [57]. Yet, while an overly critical
scholar might make it a point to emphasize the fact that the methodological subjects ad-
dressed within biomedical ethics do have underlying theological connections and that such
metaphysical connections are oftentimes exchanged with more corporeal concepts to man-
age such associations; however, in the sake of preserving forward momentum, such overly
critical observations, while duly noted, should be set aside and the subject of biomedical
ethics accepted — for the time — as a reasonable academic alternative to the, previously
mentioned, theological connections [58] [19, p.260, p.310] [56] [57] [52] [9] [10]. Likewise,
while such substitution might seem rather, peculiar given that the discussion regarding
theological sources of methodological flexibility is, in fact, an very interesting aside; how-
ever, regardless of the inherent interest, such discussion was not directly intended primarily
because theological discussion is best handled with significant care, and such care a little
far beyond the scope of this discussion, such concepts will not be explored in any further
detail [19, pp.31-33] [8, pp.418-420] [43] [53, pp.47-48] [31].

Nevertheless, because the investigation of such abstract interpretations does inevitably
bring up metaphysical concepts, it is worth mentioning that the subjects of science and
philosophy, while both being thoroughly studied and once deemed equally important,

at least in the eyes of classical academia, is rarely applied simultaneously within the
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confines of the biomedical discipline and, as previously mentioned, is seldom directly
considered by the majority of scientists despite its effect on methodological flexibility
[11] [43] [14] [29] [15] [31] [19]. Yet, to be fair, it is important to recognize that such
depictions primarily arise because few scientific researchers are extensively versed on meta-
physical subjects, and sadly this lack of metaphysical versatility has left most contemporary
scientific researchers with an inherent mistrust of metaphysical ideologies: a sentiment that
is ironically starting to permeate throughout contemporary society and is changing current
research methodologies in itself [11, pp.vii-x,pp.1-4] [43] [14] [29] [15] [31] [19] [50] [9] [10].
Thus, while discussion regarding the sources of methodological flexibility, or for that mat-
ter the acknowledgement of the subject in itself, almost never arises within non-biomedical
research, primarily because such research is narrowly focused on a particular physical at-
tribute, such as what is electrical conduction rather than why does electrical conduction
exist; however, such metaphysical mistrust, in turn, can have significant consequences once
a theory is applied that has methodological prerequisites extending beyond the scope of a
particular discipline, as such mistrust tends to prevent the realization that a methodological
problem has occurred [43] [14] [29] [15] [31] [19] [50] [9] [10] [11] [8] [59].

Yet the acknowledgment and resolution of such methodological problems is particu-
larly important within an interdisciplinary research environment, especially a culturally
diverse one, like the biomedical research area, and while such discussion might appear
counterintuitive, after all the clarification of ambiguity within scientific study is generally
considered to be a step in the right direction, as opposed to introducing new and abstract
metaphysical concepts; however, in order to vindicate such a notion one need only consider
the ways in which a strong mistrust of metaphysical concepts could make it particularly

difficult, at least for a new researcher, to begin working within the biomedical research area
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(19, pp.31-33] [11, pp.vii-x,pp.1-4] [15] [31] [19] [50] [9] [10]. After all, a new metaphysi-

cally limited researcher, naturally being limited to knowledge from a particular discipline,
is generally unbeknownst to that researcher, indoctrinated with a particular methodologi-
cal background, and upon acquiring new theoretical concepts from other disciplines, a task
that is required in interdisciplinary research, will eventually encounter a theoretical concept
that is based upon methodological assumptions that diverge from their own background
[49] [19] [60] [14] [31] [40] [20] [61]. Although it will be conceded that the scientific lan-
guage is inherently designed to convey information across disciplinary boundaries, thus the
new interdisciplinary researcher should be able to both acquire and use the new theoretical
knowledge obtained [35, pp.114-117] [62, pp.793-795] [63] [20] [64]. Yet the methodological
context in which the information was obtained is seldom ever conveyed across such bound-
aries without an active effort and, as it was previously mentioned, without an understanding
of the methodological context in which a theory was developed the ability to accept that
theory wholeheartedly becomes questionable, regardless of the theories accuracy, and this
lack of contextual understanding generally creates one or more of the following scenarios
[20] [64] [65] [66] [11] [43] [14].

The first possible scenario involves a new interdisciplinary researcher who, while
formally acknowledging the existence of an interdisciplinary theory that can predict a
particular biomedical phenomenon, will be unwilling to utilize this theory based upon
their personal mistrust of its derivation and opt instead to devote resources into devel-
oping an alternative approach that conforms to their own methodological background
[20] [64] [65] [66] [11] [43] [14] [67, pp.v-vii, §.1] [51] [50]. While such a depiction tends
to surmise the repetitive nature of the scientific methodology, along with the inherent

mistrust of the cynical scholar, as any scenario that introduces alternative scientifically
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acceptable theory is, once again, generally viewed by the scientific community in a pos-
itive light [20] [64] [65] [66] [11] [43] [14] [67, pp.v-vii, §.1] [51] [50]. Yet it is impor-
tant to point out that the original objective was to research a topic based upon a given
theory rather than metaphorically reinvent the wheel in a color that is appeasing to a
particular discipline, and while the introduction of complementary theory in the grand
scheme of things is generally beneficial; however, the time spent redeveloping this theory
could have been focused upon theoretical extension rather than theoretical reintegration
[20] [64] [65] [66] [11] [43] [14] [67, pp.v-vii, §.1] [51] [50]. Likewise, the presentation of an al-
ternative theory back into an interdisciplinary research community can create strife between
contributing disciplines, as an alternative approach could be equated with incorrectness,
and such strife typically will only deepen methodological mistrust and can dissuade further
collaboration [20] [64] [65] [66] [11] [43] [14] [67, pp.v-vii, §.1] [51] [50] [35] [31] [68].
Alternatively, the second possible scenario involves a new interdisciplinary researcher
who, unlike the researcher first depicted, will not only acknowledge the interdisciplinary
theory that can, once again, predict a particular biomedical phenomenon, but will also
utilize that theory without understanding the methodological nuances associated with its
derivation [20] [64] [65] [66] [11] [43] [14] [67, §.1] [51] [50] [35] [31] [68] [61] [69, pp.103-105].
Conversely, because the theory in question was strictly defined using the scientific language
of mathematics, the new researcher, in this particular example, would be able to correctly
obtain a solution to their problem, yet because the methodological nuances associated with
the, previously mentioned, theories derivation were not fully understood, the presentation
of this research back into the interdisciplinary research community could, more than likely,
result in a different methodological perspective being utilized to describe that research

[20] [64] [65] [66] [11] [43] [14] [67, pp.v-vii, §.1] [51] [50] [35] [31] [68] [61] [69, pp.103-105).
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In turn, such alternative descriptions does have a tendency to create confusion, as one
discipline might interpret a methodological concept very literally while another discipline
might interpret the same methodological concept symbolically, and such confusion can,
once again, be equated with incorrectness, regardless of accuracy, which can also dissuade
collaboration between diverging disciplines [20] [64] [65] [66] [11] [43] [14] [67, pp.v-vii,
§.1] [51] [50] [35] [31] [68] [61] [69, pp.103-105] [70] [71].

Thus, such scenarios, although other cases do exist, tends to reinforce the observa-
tion that the ability to effectively research a particular interdisciplinary research topic, at
least for a metaphysically limited researcher, becomes increasingly problematic the more
decentralized the subject is from a singular discipline [29] [15]. While such observations
primarily arise from the methodological differences between historically separated scientific
disciplines, which happens to be both a consequence and possible instigator of method-
ological flexibility in itself, and probably occurs because of the lack of a standardized, “de
facto” ! , philosophically equivalent methodological approach across all of these histori-
cally separated scientific disciplines [72, p.127] [73, p.vi-vii] [74] [19] [31] [11] [43] [14]. Yet,
in this respect, the lack of a philosophically equivalent methodological approach is what
makes the biomedical research area, a new and unique research frontier that in many ways
is metaphorically analogous to the American Wild West of the nineteenth century, inso-
far as, the number of historically separated scientific disciplines involved, at least within
this particular research area, makes obtaining methodological standardization across all
involved disciplines currently a distant dream [75] [35] [19] [31] [8, pp.1-6] [14, pp.40-
43] [11, pp.1-9] [43]. Although it is worth mentioning that methodological standardization

and the unification of these disciplines into a singular entity, should in theory, alleviate

' Latin phrase for: being such in effect though not formally recognized.
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such metaphysical problems in time [73, p.307-308] [75] [35] [19] [31] [8, pp.1-6] [14, pp.40-

43] [11, pp.1-9] [43].

3.1.2 Identifiable Concepts and Scope

Even so, because the formal methodological standardization of the area has not yet
occurred, it is prudent to address some of these underlying metaphysical and mostly philo-
sophical attributes prior to addressing any particular research concepts, especially since
the research being presented, within this dissertation, relies heavily upon the accumula-
tive interdisciplinary knowledge of the biomedical research area [31, pp.1-10] [11, pp.1-
9] [20] [43] [14]. Thus, in order to avoid the, previously mentioned, interdisciplinary com-
munication problems that can originate, once again, from methodological flexibility and the
lack of a standardized research methodology, a number of metaphysical concepts will be
discussed in substantial detail [31, pp.1-10] [11, pp.1-9] [20] [43] [14]. Likewise, to provide
a general outline of the subjects that will be covered, within this introductory chapter, the
following concepts will be discussed: Firstly, a brief discussion regarding the philosophical
foundations of the subject will be briefly provided. Secondly, the objectives of the research
presented within this dissertation will be discussed. Thirdly, the structure of the informa-
tion presented, within this dissertation, will be outlined. Lastly, an attempt will be made
to summarize all the concepts presented, within this introduction, into a — hopefully —

easily understandable and logical form.

3.1.3 Methodologies and Metaphysical Foundations
Thus, to begin understanding the metaphysical and philosophical foundations that have
naturally developed and defined biomedical research methodologies, the concept that hu-
manity has come a long way, cognitively, at least since its humble beginnings, needs to be

examined further [7, pp.259-270, pp.376-378] [29] [15] [76]. Likewise, upon further exam-
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ination of this concept, it is revealed that humanities cognitive capabilities have, in fact,
significantly advanced, so much so, that to some extent humanity appears to take solace in
its current level of conceptual understanding despite the vast number of natural occurrences
that currently remain unexplained [7, pp.259-270, pp.376-378] [77] [20] [43] [8] [14] [11] [31].
Although it is worth mentioning that such solace, if it ever became the social norm —
neglecting for the moment, the abhorrent number of intellectual presumptions humanity
would need to make in order to achieve such a unwholesome state — could be potentially
disastrous since intellectual stagnation would, logically seem to result in humanities overall
cognitive degeneration after a period of time [54, p.176] [52, pp.70-75] [19] [52] [77] [43].
Yet it could also be argued, at least based upon the intrinsic characteristics of humanity
psyche, that the likelihood of such an occurrence, despite the contemporary tendency of
migrating towards intellectual solace, is simply speculative, at worst, as humanities inher-
ently zealous curiosity and the inevitable manifestation of intellectual discontent with the
“status quo” ' should prevent cognitive degeneration from occurring [54, p.176] [52, pp.70—
75] [78, p.204] [43] [8] [14] [11] [31].

While the validity of either hypothetical argument is debatable, since both arguments
have a scientifically based foundation that can call upon the theory of evolution and adap-
tation for support, yet the corporeal definitiveness of such questions, at least as it pertains
to the objective of this discussion, is not as important as the observation of the positions
taken by each proponent [79] [52] [9] [10] [61] [80] [8] [14] [11] [31]. After all, one posi-
tion tends to view intellectual complacency thru the lens of engineering cynicism, while
the other position, in contrast, views the same information thru the eyes of humanities

natural optimism [79] [52] [9] [10] [61] [80] [8] [14] [11] [31] [81] [82] [83]. Nevertheless,

' Latin phrase for: situation existing before (an event).
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because there is much wisdom in planning for the worst, a concept that is practically man-
dated — and for good reason — within the engineering discipline, such optimistic notions
generally require far more evidence for a scientific mind to accept than its metaphorically
jaded counterpart does [79] [52] [9] [10] [61] [80] [8] [14] [11] [31] [81] [82] [83]. Thus, in
an attempt to prevent such optimistic notions from being inherently discredited, it will be
amended that the previously mentioned intellectual discontent, arising, once again, from
humanities seemingly compulsive inquisitive nature, ideally prevents cognitive degenera-
tion from occurring by promoting a progressive, though not necessarily constant, desire
to obtain intellectual knowledge, and such desires are speculatively driven and reinforced
thru the continual observation of unexplained natural occurrences [54, p.176] [52, pp.70-
75] [79] [9] [10] [61] [80] [8] [14] [11] [31] [81] [82] [83]. Yet, it is important to reiterate that the
introduction of such an amendment is neither an endorsement nor an interest in the overall
validity of the argument in itself, as the rationale behind each stance, rather than the argu-
ment presented, is the concept of paramount importance; nevertheless, it is apparent that
such discussion can seem definitively out of place and can appear unrelated to the biomedi-
cal communities’ metaphysical nature [79] [52] [9] [10] [61] [80] [8] [14] [11] [31] [81] [82] [83].
Conversely, the examination of such metaphysical concepts, in themselves, also tends to
fall under equal suspicion, at least within a scientific publication such as this one; however,
it is important to recognize that such divergence in perspective is, in fact, the foundation
upon which metaphysical events occur, and that such metaphysical concepts symbolize, at
least on a fundamental level — regardless of whether science gives such ideas credence or
not — the basic rationale behind humanities desire for intellectual understanding and its
need for intellectual advancement [79] [52] [9] [10] [61] [80] [8] [14] [11] [31] [81] [82] [83].

Yet in order to rationalize such conclusions, further amendment of the, previ-
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ously mentioned, optimistic dialog is required and such amendment reveals that be-
cause nature is, at least from humanities perspective, seemingly vast, it would seem
unlikely, even after considering humanities collective knowledge and current rate of
intellectual growth, that every natural occurrence has been, or for that matter,
ever truly can be, observed and fundamentally understood [84, pp.215-216] [50,
pp-22-26] [79] [52] [9] [10] [61] [80] [8] [14] [11] [31] [81] [82] [83]. Likewise, this
vastness, in turn, appears to make it possible for the continual enrichment and
progression of humanities intellect and allows for the continuation of its intellec-
tual advancement beyond humanities perceivable future [84, pp.215-216] [50, pp.22—-
26] [79] [52] [9] [10] [61] [80] [8] [14] [11] [31] [81] [82] [83] [40]. Conversely, such in-
tellectual discontent, particularly for those born with the disposition of a scholar — as
those frequently found within contemporary academia — generally would find it diffi-
cult, at best, to obtain an intellectual state of solace no matter the amount of knowl-
edge acquired [84, pp.215-216] [50, pp.22-26] [9, p.84] [10, p.420, p.453] [85, p.166] [8,
pp-283-286] [13, pp.114-117] [43] [14] [11] [31] [40]. After all, to a scholar a world in
which everything is already known, simply stated, is no world worth living in, since, for a
scholar, it is the thrill of obtaining that brief moment of illuminated clarity amongst the
metaphoric abysmal sea of uncertainty that best surmises a scholars existence [10, p.420,
p.453] [8, pp.283-286] [13, p.79] [14] [11] [31] [40] [79] [52] [9] [10] [61] [80] [81] [82] [83].
Yet, while the amount of intellectual discontent does categorically tend to separate the
scholar from the layman, after all there is no denying that a scholar has a ferocious cu-
riosity that is fortunately complemented by a world abundant with natural uncertainty,
yet it is questionable as to whether such intellectual discontent, no matter the knowledge

obtained, could ever be appeased, even temporarily [9, p.84] [10, p.420, p.453] [8, pp.283—
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286] [14] [11] [31] [40] [79] [52] [9] [10] [61] [80] [81] [82] [83]. Furthermore, in the unlikely

event that such discontent could reach a state of appeasement — making the path to-
wards cognitive degeneration once again viable — it would still be questionable as to
whether such appeasement was acquired through the acquisition of knowledge, in itself,
or rather by the act of creating and applying methodological approaches during the at-
tempt [9, p.84] [10, p.420, p.453] [8, pp.283-286] [14] [11] [31] [40] [79] [52] [9] [10] [61]
[80] [81] [82] [83]. While differentiation between the two might seem to be a moot point,
especially upon including the cynical alternative of cognitive degeneration, yet one of these
metaphoric paths implies the mastery of nature, while the other metaphoric path implies
the mastery of mind, and although both paths result in a similar end; yet it is the under-
lying purpose of the metaphysical to impart upon humanity that the journey down such
a metaphoric path and the meaning obtained from that journey is definitively different in
each case [14] [11] [31] [40] [79] [52] [9] [10] [61] [80] [8] [14] [11] [31] [81] [82] [83] [40].
Still, such statements, despite being mostly presented in anecdotal and metaphoric
form, does have a tendency to make humanities overall cognitive degeneration seem un-
likely, even upon considering the conservatism found within the veil of cynicism, and
while it will be, once again, conceded that such questions do, in fact, feel out of place
within a contemporary scientific dissertation [14] [11] [31] [40] [79] [52] [9] [10] [61]
[80] [8] [14] [11] [31] [81] [82] [83] [40]. Particularly within a dissertation that is focused
upon addressing the electrical attributes of bioelectrical materials since, after all, the con-
temporary approach to such a problem would mandate that the information presented
be limited to only concepts related to the subject of electrical engineering [50, pp.21—
22] [86] [87] [88] [89] [8] [14] [11] [31] [43] [59]. Nevertheless, as it was previously mentioned,

the study of biomedical phenomenon is neither strictly confined within the electrical engi-
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neering discipline nor, as it will soon be shown, can it effectively be studied by adhering to
such restrictions; in fact, in order to obtain a comprehensive understanding of the biomed-
ical research area, the previously mentioned and seemingly tangent dialogue regarding
humanities cognitive future, is actually an important milestone towards understanding and
dealing with complex interdisciplinary dynamics that naturally occur within this research
area [19, pp.3-5] [8] [14] [11] [31] [43] [59]. While such a statement might seem bodacious
and definitively “obscurum per obscurius” t , yet it is the intent of this discussion to clarify
such obscurities, show that such questions are, in fact, relevant, and cast the bioelectri-
cal research presented in a, hopefully refreshing light, particularly upon comparison with
traditional intra-disciplinary approaches [78, p.156] [8] [14] [11] [31] [43] [59].

Thus based upon the objectives provided, it would seem to be a reasonable course of
action to continue the discussion regarding these two, previously mentioned, metaphoric
paths, as there introduction symbolizes a definitive point of contention between both
constituents within the cognitive degeneration argument and, interestingly enough,
such discussion ultimately reveals how a seemingly small difference in perspective, de-
spite both perspectives having the same inevitable end, is what ultimately fragments
the scientific methodological unanimity of the biomedical research area as a whole
(8] [14] [11] [31] [43] [59] [71] [35] [61] [82] [56] [52]. Nevertheless, it shall be conceded,
once again, that the academically palatable proof needed to vindicate such a bold state-
ment is unfortunately, metaphorically buried deeply within the metaphysical domain and
requires a lengthy amount of abstract discussion to figuratively exhume; however, be-
cause such knowledge is ultimately beneficial and relevant, such discussion is not com-

pletely without merit despite any inherent misgivings that might arise from its inclusion

' Latin phrase for: the obscure by the obscure.
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8] [14] [11] [31] [43] [59] [71] [35] [61] [82] [56] [52]. Thus based upon the previous discus-

sion, once again regarding humanities current migration towards intellectual complacency
and the effects such complacency has upon humanities future cognitive development, it can
be observed how such discussion, while being inherently subjective, can have definitively
classifiable characteristics [8] [14] [11] [31] [43] [59] [71] [35] [61] [82] [56] [52]. Likewise,
such classifiable characteristics, like the inclusion of humanities curiosity and the road taken
to reach intellectual complacency, despite such discussion being based upon the views of
a particular characteristic, in this particular case the optimistic perspective, interestingly
enough, results in a categorizable conclusion that is very similar to the previously discussed
characteristics [8] [14] [11] [31] [43] [59] [71] [35] [61] [82] [56] [52].

While such observations do raise some interesting questions regarding the nature of
abstract thought and the ability to categorize it; However, the critical question, at least
in this particular case, is how such observations create interdisciplinary communication
problems, since this question in particular has not been directly addressed as of yet
8] [14] [11] [31] [43] [59] [71] [35] [61] [82] [56] [52] [20]. Thus to investigate this particular
question further, while possibly shedding some light upon the origination of abstract cate-
gorization, consider for the moment a possible interaction between two people who, for the
sake of simplification, shall have contradictory answers to the previously mentioned ques-
tion regarding the path of knowledge vs. the path of methodological creation [19, p.xiii,
pp-3-5] [8] [14] [11] [31] [43] [59] [71] [35] [61] [82] [56] [52] [20]. Additionally, it should also
be assumed that one of these people shall believe that methodology alone is the driving
force behind intellectual advancement, while the other person shall believe, in contrast,
that the acquisition of knowledge is the only important factor in promoting such intellec-

tual advancement [8] [14] [11] [31] [43] [59] [71] [35] [61] [82] [56] [52] [20]. Likewise, it
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should also be assumed, although, admittedly it was inherently implied, that both people

believe there is a strong correlation between intellectual advancement and humanities cu-
riosity of natural phenomena, and that a dialog shall occur between them regarding their
conflicting beliefs [8] [14] [11] [31] [43] [59] [71] [35] [61] [82] [56] [52] [20]. Thus to initiate
such a dialogue, it is necessary to assume that one person shall begin, in this particular
case, by proposing that there are an infinite number of methodological approaches for every
natural unknown [8] [14] [11] [31] [43] [59] [71] [35] [61] [82] [56] [52] [20] [85]. Addition-
ally, this argument, upon considering the limitations imposed by the human perspective,
which is arguably the only perspective humans are capable of perceiving, implies that
nature has a finite number of humanly perceivable natural uncertainties that can be dis-
covered [90, p.125] [91, pp.147-149] [60, pp.340-347|. Likewise, neglecting for the moment
the possible re-occurrence of cognitive degeneration, although such degeneration should be
prevented, in this particular case, by the introduction of new methodological forces, this
argument is generally expressed, at least within contemporary American culture, by the
idiom “There’s more than one way to skin a cat” [92, p.693] [84, pp.215-216] [50, pp.22—-
26] [9, p.84] [10, p.420, p.453] [85, p.166] [8, pp.283-286] [13, pp.114-117]. Furthermore,
this argument, as it pertains to the metaphoric path taken, definitively supports the idea
that the utilization of methodology alone is the primary catalyst in promoting intellectual
advancement [90, p.125] [91, pp.147-149] [60, pp.340-347]. Conversely, in contrast to the
previous argument provided, the counter argument presented, once again by the second per-
son, would intuitively propose that there are a finite number of methodological approaches
for an infinite number of natural unknowns [93, p.43, p.94] [14, pp.47-59] [8, pp.8-27].
Such an argument, in turn, is generally expressed within contemporary American culture,

thru the idioms “knowledge is power” and “the ends justify the means”, and such idioms,
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in turn, convey the idea that the act of acquiring knowledge is the primary catalyst in
promoting intellectual advancement [92, p.382] [94] [8, pp.8-27] [70, pp.9-19].

At this point, it is important to mention that both arguments were intentionally pre-
sented in extreme terms, as a more realistic Rogerian argument between the two could
have been equally presented [8] [14] [11] [31] [43] [59] [71] [35] [61] [82] [56] [52]. Yet the
examination of extremes does, from time to time, have a tendency to provide beneficial
conceptual insight, particularly under linear conditions, and, in this particular case, such
extremes aid in depicting the interdisciplinary problems encountered within this research
area [95] [96, pp.237-241] [85, pp.49-58] [91, pp.xi-xii] [19, pp.x-xvi]. Thus, upon exploring
this interaction further, it is important to considered that support for the first argument
can be found upon reviewing the metaphysical concepts generally associated by the term
bundle theory [29, pp.1-25] [28, p.73] [15, pp.96-116] [8] [14] [11] [31] [43] [59]. As such
concepts embrace the notion that reality is defined through perception and because only
perceptible occurrences can exist, referring in this case to the limits imposed by the hu-
man perception, thus, the number of natural unknowns are limited, once again, by the
number of perceptible human experiences available [29, pp.1-25] [28, p.73] [15, pp.96—
116] [8] [14] [11] [31] [43] [59]. Likewise, because the human mind is capable of abstracting
perceptible experiences in an arbitrary number of ways this, in turn, results in an infi-
nite number of methodological derivations for a finite number of perceivable occurrences
29, pp.1-25] [28, p.39, p.73] [15, pp.96-116] [8] [14] [11] [31] [43] [59].

Conversely, similar support can be found for the second argument and such support,
once again originating from metaphysical concepts, is generally found upon review of the
concepts commonly associated with the philosophical term substance theory [29, pp.1-

25] [28, p.73] [15, pp.96-116] [8] [14] [11] [31] [43] [59]. While such arguments, though gen-
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erally acknowledging the limits of humanities perspective, significantly differs from bundle
theory by allowing the inclusion of additional perspectives, such as the inclusion of a natural
perspective, that can occur concurrently and independently from humanities perspective
29, pp.1-25] [28, p.73] [15, pp.96-116] [8] [14] [11] [31] [43] [59]. Additionally, such natural
perspectives can be governed by there own set of dynamics, and, in turn, it would ap-
pear that humanities dynamics are seemingly dependent upon the dynamics of this newly
created natural perspective [9, p.173] [85, p.60] [28, p.90-105] [8] [14] [11] [31] [43] [59].
Furthermore, based upon the assumptions presented above, it can be concluded that the
human perspective ultimately is the limiting factor, thus this fact, in turn, results in limits
being placed upon the number of methodological approaches humanity can utilize to study
the, previously mentioned, boundless number of natural unknowns that exist independently
from humanities perspective [28, p.90-105] [8] [14] [11] [31] [43] [59].

While such dialog, at least to some scholars, is considered intellectually stimulating,
yet it quickly diverges deeply into the philosophical and metaphysical domain and such a
deviation was again not the objective of this discussion as the focus was upon the origin of
interdisciplinary communication problems [28, p.90-105] [8] [14] [11] [31] [43] [59]. Thus, in
an attempt to focus the concepts previously mentioned in order to achieve the required ob-
jective, the accompanying philosophical and metaphysical attributes will now be abridged
into a more simplistic form, and while it shall be conceded that scholars who are — better
versed — in such theory might protest such an oversimplification; However, it is interesting
to observe that all of the concepts previously presented can best be explained thru the anal-
ysis of the classical philosophical phrase “ When a tree falls in a lonely forest, and no animal
is (nearby) to hear it, does it make a sound?” [29] [9, pp.193-287] [27, p.235]. Although

it will be conceded that such a simplification does appear to be just as complicated, if not
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more so, than the information presented within the previous discussion, yet this phrase,
while being ambiguous, is not inherently complicated and, in fact, does have a relatively
straightforward metaphysical answer, though it shall be conceded that this answer is depen-
dent upon the interpretation of the question [28, pp.107-133] [29, pp.66-69] [10, pp.2-8].
Therefore, in order to clarify this point further, while, at the same time, relating it to the
previously presented dialog, it can be found upon careful consideration of this subject that
the solution to the question proposed in the previous phrase, at least based upon the per-
spective of the first person from the prior discussion, would be —no— the falling tree does
not make a sound [28, pp.107-133] [29, pp.66-69] [10, pp.2-8]. Likewise, the rationale in
this particular case is that the limitations imposed, once again by humanities limited per-
spective, mandates that if a person is not around to perceive the sound then the experience
of sound cannot be perceived [28, pp.107-133] [29, pp.66-69] [10, pp.2-8]. In contrast the
second person, once again referring to the prior dialog, would say — yes — to the previ-
ous question, because of their belief that nature can exist independently and concurrently
from humanities ability to perceive it, thus, physically the event would occur regardless
of whether the event was perceived or not [28, pp.107-133] [29, pp.66-69] [10, pp.2-8].
Yet, to articulate a minor caveat here, it is important to realize that the first person, while
answering the question with no, is not necessarily implying that, within this particular
example, sound waves cannot physically occur without the presence of human observation
28, pp.107-133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9]. After all,
it is both reasonable and scientifically sound to assume physical events are not dependent
upon humanities perception of there occurrence. Therefore, the message being conveyed by
the first person is not that the human perspective defines natural occurrences, but rather

humanity is only capable of mentally and emotionally experiencing events that produce
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perceptible stimulation [28, pp.107-133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-

43] [11, pp.1-9].

Although such concepts might seem foreign and strange, particularly to an academic
within a scientific discipline, yet this example conceptually illustrates how a question that
might appear, at first, reasonably straightforward can, in turn, result in a metaphoric apples
to oranges comparison when different assumptions are made regarding the perspective in
which the question was interpreted [28, pp.107-133] [29, pp.66-69] [10, pp.2-8| [8, pp.1-
6] [14, pp.40-43] [11, pp.1-9]. Similarly, it should now be apparent that the question
“When a tree falls in a lonely forest, and no animal is (nearby) to hear it, does it make a
sound?” can be interpreted differently depending upon the perspective utilize to answer
the question, and to illustrate this point further, in the case of this particular phrase, the
first person assumed the question was referring to the internal human experience of hearing
while the second person made the assumption that the question was referring to the physical
stimulus that propagates through air [9, pp.193-287] [27, p.235] [28, pp.107-133] [29, pp.66—
69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9]. Additionally, if such observations are
applied to the analysis of the previously presented dialog, a parallel appears to exist, insofar
as, the solutions provided are the result of two fundamentally different interpretations of a
singular question [28, pp.107-133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11,
pp.1-9]. Likewise, after reflecting upon the previous dialog further, it becomes apparent
that the first person answered the question based upon humanities ability to experience
perceptible phenomenon, whereas, the second person answered the same question based
upon the perspective that events can occur without humanities involvement [28, pp.107—
133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9]. Yet it is important to

clarified that, although there are many parallels to the previously discussed philosophical
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phrase, it is important to recognize that such comparisons are not necessarily equivalent, as
other philosophical attributes are present that were not directly addressed by this analysis
(28, pp.107-133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9]. Such
attributes include, though are not limited to, questions regarding how indirectly perceptible
physical quantities are defined, like electricity for example. Conversely, such indirectly
perceptible quantities can, typically, only be defined through the concession that , if an
assumption works, like a mathematical model that predicts the flow of electrons, then the
indirectly observable physical system, until proven otherwise, must physically exist in the
manner defined by the models assumptions [8, pp.1-6] [14, pp.40-43] [11, pp.1-9] [43] [59].

Yet If such discrepancies are set aside for the moment, it is interesting to observe how
both answers, previously mentioned, can be considered equally correct based upon the
context of interpretation, and such equality summarizes the origin of almost all interdis-
ciplinary communication problems [28, pp.107-133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-
6] [14, pp.40-43] [11, pp.1-9] [19]. While this particular portrayal might seem somewhat
distorted, primarily because scientists are trained to analyze problems from the physical
perspective, which is analogously summarized by the second person’s argument, thus creat-
ing a strong belief in the uniformity of a scientific solution, yet it is such assumptions that
truly are at the foundation of most interdisciplinary problems encountered [28, pp.107—
133] [29, pp.66—69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9] [19]. Although it will
be conceded that extreme deviations in perspective are generally easy to identify, or at least
are quickly discovered after a few heated moments of contention, yet extreme cases are not
the primary problem, but rather, it is the Rogerian blending of these, previously mentioned,
extreme perspectives that ultimately cause almost all interdisciplinary problems encoun-

tered [28, pp.107-133] [29, pp.66—69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-
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9] [19] [95]. After all, some scientific disciplines, particularly those disciplines that deal

with human research topics, like those found within the biomedical research area, despite
great efforts by researchers within the area to maintain, the previously mentioned, scien-
tific uniformity, do have a tendency to inadvertently incorporate alternative perspectives
into their research that, for the most part, goes unnoticed [28, pp.107-133] [29, pp.66—
69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9] [19]. Yet, it is important to point
out that such deviations in perspective, even minor ones, are not necessarily the result of
an arbitrary decision to present a subject differently, but rather, generally occur because
of the extensive historical heritage that has diverged and incorporated an assortment of
philosophical concepts into its research methodology since humanities cognitive beginnings
(28, pp.107-133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9] [19].
Although there are numerous rationales to describe such phenomena, and some of
these reasons will be discussed later in more detail within this dissertation [28, pp.107—
133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9] [19]. Nevertheless,
upon returning to the original question of choosing between methodological diversity ver-
sus intellectual acquisition, it becomes apparent, upon taking into account the information
previously presented, that not only are both conclusions definitively possible but both are
equally probable depending upon the discipline being discussed and the question being
asked [28, pp.107-133] [29, pp.66—69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-
9] [19]. Thus, in the wake of such a conclusion, which arguably produced more questions
than answers, the next logical step would be to observe the occurrence of such phenomena
as it naturally arises within academic research [28, pp.107-133] [29, pp.66-69] [10, pp.2—
8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9] [19]. Likewise, towards this end, as research is

presented, within this dissertation, an effort will be made to highlight such philosophical
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ambiguity, when it arises, and further discussion will be made regarding how such ambiguity

relates to the information provided above [28, p.90-105] [8] [14] [11] [31] [43] [59].

3.2 Bioelectrical Philosophy and Foundations

On that note, it is now time to consolidate the scope of the previous discussion from the
term biomedical towards a particular subset that, within this dissertation, will be identified
by the term bioelectrical [16, pp.1-2] [97, pp.ix-x, pp.1-2]. While such consolidation
might seem to be a purely linguistic change; however, it is important to note that the
term biomedical is generally considered a generic, umbrella term, which identifies sciences
working towards life-oriented objectives [38, pp.ix-x| [98, pp.xv-xvii]. Whereas, the term
bioelectrical, while also working towards life-oriented objectives, is focused specifically upon
the electrical research attributes found within biomedical research [16, pp.1-2] [97, pp.ix-x,
pp.1-2]. Although such linguistic terms and there meaning can be extremely confusing,
especially to those unfamiliar with this research area, a simple analogy can help alleviate
such confusion [16, pp.1-2] [97, pp.ix-x, pp.1-2] [31].

Towards this end, the term biomedical can best be symbolized as a country, such as the
United States, while the term bioelectrical can best be symbolized as a state within that
country, such as North Carolina [38] [36] [31]. Similarly, the electrical engineering discipline
could be symbolized as a county within that state, such as Mecklenburg, and in the same
manner that a state consists of many counties and a country consists of many states, the
same can be said for the biomedical and bioelectrical research area [38] [36] [31]. Likewise,
the parallels found within such analogies are ultimately the reason why the biomedical
and bioelectrical research area were surmised by the ancient Latin idiom “obscurum per

obscurius” !’ or in English “one obscure thing (is defined) by something ... (even) more

' Latin phrase for: the obscure by the obscure.
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obscure” [78, p.156] [38] [36] [31]. Nevertheless, while it might be jestingly surmised that

the journey towards understanding the bioelectrical research area is a metaphorically long
and perilous one; however, the sincerity of the subjects studied within this area compels
the remark that the nature of this area, or to be more specific, the study of bioelectrical
phenomena, is a subject of paramount importance to both the humanities and the sciences
alike as the practical application of such theory, once again cultivated from humanities
observation of natural occurrences, has resulted in the profound creation of many mod-
ern concepts [36, pp.vii-viii] [38] [36] [31]. Conversely, Such concepts include, but are
not strictly limited to, electronic devices that are able to detect the presence of harm-
ful biological pathogens and literary classics, like Mary Shelley’s Frankenstein, as both of
these examples elegantly illustrate the long term consequences bioelectrical research can

have upon society and how such applications can change humanity for better or worse

[99] [100, pp.122-123] [36, pp.5-7] [101] [102] [103].

3.2.1 Defining Bioelectrical Research

Yet, while such applications are undisputedly paramount, they only depict the result of
a complicated and involved process that, under certain circumstances, can be enlightening;
however, in this particular case, such displays do not provide much insight regarding the
fundamental nature of bioelectrical research [38] [36] [31]. Towards that end, the best way
to obtain such insight is by starting with electrical engineering fundamentals and slowly
adding attributes that genuinely make the term bioelectrical research unique [38] [36] [31].
Thus, to begin defining the term bioelectrical research, the electrical engineering ability
to accurately produce, acquire, and analyze electrical signals should be considered, and
despite such capabilities being a relatively recent circa 1900’s achievement, such capabili-

ties frequently go unnoticed within contemporary society [59] [104, pp.ix-xii] [105, pp.1-
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17] [106, pp.1-18] [107, pp.1-21]. Additionally, these capabilities, despite going unnoticed,

are a necessity for the proper operation and daily usage of nearly every consumer ap-
plication currently found throughout contemporary society [108] [97, p.388] [109, p.37,
p.739]. Likewise, to illustrate this point, without having to discuss a diverse number of
common consumer applications, consider for the moment a modern digital voice recorder
that might be utilized to record a lengthy office meeting or a short grocery list [105, pp.1-
17] [106, pp.1-18] [107, pp.1-21] [108]. Such a device would naturally utilize a microphone
in order to convert spoken words into an analog electrical signal, and such a conversion is
a common example of electrical signal acquisition [105, pp.1-17] [106, pp.1-18] [107, pp.1—-
21] [108]. Likewise, this analog signal, in turn, can be digitized into a binary value using
an analog to digital converter, and such a conversion depicts signal analysis and signal pro-
duction [105, pp.1-17] [106, pp.1-18] [107, pp.1-21] [108]. Similarly, this digital quantity
can be processed by a microcontroller, in order to enhance sound clarity, and stored on
a physical medium, such as a SD card, and these steps further depict signal analysis and
signal production [105, pp.1-17] [106, pp.1-18] [107, pp.1-21] [108].

While the example application, described above, is definitively a product of electrical
engineering, applications developed by the bioelectrical research area are fundamentally
similar, insofar as, such applications utilize the fundamental electrical engineering tech-
niques of signal production, signal acquisition, and signal analysis [110, pp.1-28]. Yet,
one fundamental difference between the two research areas is, while electrical engineering
is generally only concerned with electrical conduction in metals and semiconductors; the
bioelectrical research area is primarily focused upon the electrical propagation through
atypically conductive materials [110, pp.1-28] [38] [36] [31]. Additionally, such atypically

conductive materials, at least within the biomedical and bioelectrical research commu-
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nity, are generally classified by the term biomaterials and such materials include both
organic and inorganic nonmetal mediums, some of which are sub classified as being lig-
uids [109] [16] [111, p.103-127]. Although such descriptions might seem, at least to an
electrical engineer, minor, primarily because of the belief in a unified electrical conduction
theory; however, upon further analysis it is discovered that modern electrical propagation
theory can seldom be directly applied to such mediums without a significant amount of
error being introduced [112] [113] [114] [33]. Yet, this is not to say that such theory is
necessarily incorrect, but rather, promotes the possibility that either the theory can only be
accurately applied in an impractical manner, or is missing parameters, which are generally
unremarkable upon the analysis of a traditional medium, but become remarkable within a
biomaterial [38] [36] [31].

While, the analysis of such electrical anomalies does play an important role in differenti-
ating the bioelectrical research area from the electrical engineering research area; although
it should be noted that an electrical engineer would find such electrical anomalies intriguing,
mostly from a theoretical perspective [14] [8] [11]. Yet, in contrast with the electrical en-
gineering discipline, the biomedical community is generally less concerned with theory and
more concerned with benefiting humanity through the utilization of such theory; however,
this is not to say that the electrical engineering discipline is without heart [19] [70] [55].
After all, only the cruel would willingly wish harm upon another, but rather, society tends
to assign jobs based upon familiarity, which implies that society expects life-related ap-
plications from the biomedical researcher and consumer applications from the electrical
engineer [70] [38] [36] [31] [8] [14] [11] [43]. Although such a depiction could be consid-
ered stereotypical, as diversification does occur, yet other attributes also help distinguish

the engineer from the bioelectrical engineer and such attributes include minor procedural
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differences during the development process [115, pp.160-215] [38] [36] [31] [8] [14] [11] [43].

Such procedural differences, although subtle, can be observed upon comparing how an
electrical engineer and a bioelectrical engineer would go about designing a power gener-
ation system [38] [36] [31] [8] [14] [11] [43]. To elaborate further, an electrical engineer,
during the design process, would be primarily concerned with maximizing the power gen-
erated and minimizing the power lost, primarily because these parameters are valued,
within the electrical engineering discipline, as being extremely important in power gen-
eration design [116, pp.1-12] [117, pp.xi-37] [118, pp.26:1-26:21]. Conversely, a bioelec-
trical engineer, while hopefully understanding the importance of such parameters, would
also make human safety a priority in the design by, for example, making the transmis-
sion system less likely to cause cardiac arrest upon accidental contact, despite such safety
considerations reducing the designs overall efficiency or increasing the designs overall cost
[19] [70] [55] [119] [120] [121] [122] [123] [124] [125, p.58—61] [126].

This example, in particular, is rather peculiar because it illustrates a possible meta-
physical conflict that can occur when different disciplines value different perspectives, and
although both disciplines might possess similar theoretical knowledge, the knowledge and
methodological approach is definitively valued differently between the two [28, pp.107—
133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9] [19]. Yet questions
might remain as to how such differences can exist when, ideally a bioelectrical engineer was,
at one point in time, an electrical engineer who became involved with biomedical research
[38] [36] [31] [8] [14] [11] [43]. Although, such a linear progression might seem logical, par-
ticularly to an electrical engineer; however, the term bioelectrical engineer is, once again,
like a metaphoric state with many counties and it is equally possible for someone with a

chemical or biological background to be identified by such a term [36, pp.1-12] [100, pp.iv-
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x| [127] [73] [97, pp.411-418]. Likewise, as implied previously, such an all-encompassing

classification tends to make generalization, regarding the bioelectrical discipline, a risky
proposition, since usage of the term cannot definitively convey the background knowledge
a person working in the area has [128] [129, pp.19-49]. In fact, within some disciplines,
particularly biology and biochemistry, the term bioelectrical implies the exclusive study of
electrical phenomenon found within living cells, whereas electrical engineering and physics
tend to view bioelectrical engineering in a broader light by the inclusion of material spec-
troscopy and magnetic resonance imaging [129, pp.19-49] [38] [36] [31].

Yet, this ambiguity in a bioelectrical researchers theoretical background, in itself, is just
another unique distinction between a bioelectrical engineer and an electrical engineer; how-
ever, setting such ambiguity aside for the moment, a common purpose does exist, within
the bioelectrical research area, insofar as, the ultimate objective of bioelectrical research,
even if the results seem insignificant, is to improve the overall well-being of humanity
[19] [70] [55] [129, pp.19-49]. Likewise, based upon such remarks, it is easy to see, even if
the theoretical background requirements are ambiguous, how a point of comradely can be
found, amongst fellow members, when the subject of human longevity arises [17, pp.v-vi].
Additionally, further comparison seems to reveal the presence of a natural bias, within the
subject, towards the selection of topics that arise from such comradely, like improvements
to medical diagnostic equipment, as opposed to sole theoretical improvements regarding
electrical propagation theory [11, pp.7-9]. Yet, while there is a natural tendency for re-
searchers, within this area, to pick topics beneficial to the overall well-being of humanity;
however, such a preference tends to be a moot point when it comes to receiving interdis-
ciplinary aid, as traditional research areas, primarily because of the ambiguous nature of

the bioelectrical research area, are reluctant to become involved unless motivated to do
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so [19] [70] [55] [129, pp.19-49] [65]. Likewise, such interdisciplinary stigmas are yet just

another unique attribute of the bioelectrical research area, although admittedly, similar
parallels do exist amongst other disciplines, such as the contention that exist between elec-
trical engineering and physics to provide an example [65] [38] [36] [31] [8] [14] [11] [43].
Nevertheless, such contention is not limited to interdisciplinary aid, as social comradely
can only go so far, thus, it should come as no surprise that internal contentions does exist
within the bioelectrical research area, and, based upon the previous metaphysical discus-
sion, a unilateral agreement for any given research topic is rarely obtained without some

initial reluctance or rejection [65] [38] [36] [31] [8] [14] [11] [43].

3.2.2 Outlining the Disciplines Involved

Be that if it may, the study of bioelectrical phenomena has progressed significantly,
almost seemingly parallel with humanities cognitive development, and over this lengthy
history a number of fundamental sciences have emerged that have greatly contributed to
the subject success despite the, previously mentioned, contentions [7, pp.259-270, pp.376—
378] [129, pp.19-49]. Likewise, to illustrate such contributions, consider for the moment
the research being conducted within the health sciences that is attempting to analyze the
electrical nature of synapses in the brain [23, pp.391-404] [39, pp.319-332]. Equally, the
life sciences are currently researching the use of bioelectrical signal theory to analyze both
DNA and the electrical signals emitted by plant roots [130] [131]. Additionally the nat-
ural science of chemistry has contributed significantly to the conceptual understanding of
bioelectrical conductivity [132, pp.812-818]. Moreover, the natural science of physics has
developed a number of fundamental electrical principles that are frequently applied to the
research area of bioimpedance spectroscopy and bioelectrical signal analysis [133]. While

the examples, previously mentioned, cannot fully convey the significance of the bioelectri-
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cal research area, yet such examples do effectively portray the immensity of bioelectrical
research topics and highlights the areas interdisciplinary nature [65]. Nevertheless, as it
was previously mentioned, the bioelectrical research area, being the metaphoric state that
contains many counties, frequently utilizes knowledge from a variety of disciplines, and
although the definition of the term disciplines can vary, depending upon the terminology
used, its usage will be limited to identifying traditionally categorized academic subjects
[38] [36] [31]. Likewise, based upon such a definition, it is frequently stated, predominantly
throughout numerous bioelectrical texts, that the disciplines of medicine, biology, physics,
electronics, and engineering are fundamental to bioelectrical research [129, pp.19-49]. Yet,
it would also be prudent to include the disciplines of chemistry, physical chemistry, mathe-
matics, and even the humanities, since such disciplines are also fundamental to bioelectrical
research but seemingly go unmentioned within the few educational texts available on the
subject [129, pp.19-49] [16] [97] [134] [127] [135].

Although such lists can provide a brief glimpse of the type of knowledge needed to effec-
tively perform bioelectrical research; however, there is no doubt that, such lists, are neither
fully comprehensive nor specific enough to provide in-depth insight regarding a particular
research subject and admittedly such problems are twofold [38] [36] [31] [8] [14] [11] [43].
Firstly, as it was previously mentioned, the term bioelectrical is currently rather ambigu-
ous, as there is no “de facto” ' definition [72, p.127]. Likewise, because the term is
generally applied within a research community, the definitions meaning typically reflects
the knowledge being applied to a topic being actively researched rather than the research
area as a whole [65]. Secondly, because such definitions are ambiguous and are generally

redefined by individual researchers, such definitions tend to emphasize particular subsets,

' Latin phrase for: being such in effect though not formally recognized.
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without effectively considering the context in which that subset exists [65]. Conversely,
such contextualization is analogous to summarizing the electrical engineering discipline as
the study of power transmission, when in reality electrical engineering encompasses a di-
verse number of electrical topics [116] [136] [104] [137] [107]. While attempts were made
to avoid conceptual stereotyping within this dissertation, it will be conceded that the disci-
plines mentioned were — inevitably — based upon prior research experiences, and despite
an effort to make this list unambiguous, it is possible that an involved discipline could have
been either overlooked or understated [38] [36] [31] [8] [14] [11] [43]. Keeping this in mind,
in order to convey how the knowledge categorized by the disciplines, previously mentioned,
is applied to bioelectrical research, it would be prudent to briefly discuss each discipline
mentioned and highlight a few interesting and important attributes that each discipline
brings to the bioelectrical research area [38] [36] [31] [8] [14] [11] [43].

To begin such a dialogue, firstly, the discipline of medicine will be considered and,
as it might be expected, the usage of this term, does little to accurately surmise a
vast and time honored traditional research area that mostly pertains to the preservation
and study of life [55] [12] [70] [138]. Likewise, the discipline of medicine, is in fact,
analogous to the state verses county metaphor, previously mentioned, insofar as, there
are numerous subsets found within the term that are generally surmise through its us-
age [139, p.3] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151]. Such
subsets include, though are not limited to, the sub disciplines of emergency medicine,
sports medicine, psychiatric, cardiology, dermatology, surgery, and obstetrics [139,
p.3] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151]. While the actual
definition of the medical discipline seems to be more of an umbrella term than a definitive

identifier, as it pertains to the bioelectrical research area, this term generally refers to the
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electrical processes found in cardiology, neurology, and physiology along with the material
effects defined by anatomy and pharmacology [146] [147] [148] [152] [25] [23] [26] [153]. In
order to clarify any misconceptions that might have arisen because of the diversity of the
medical discipline, consider for the moment the bioelectrical cardiovascular specific appli-
cation, in which the electrical signals produced by the heart are noninvasively measured,
and this application is commonly referred to as an electrocardiogram or EKG for short
[16] [154] [155] [156]. Likewise, a similar neurological application, in which the electrical
signals produced by the brain are measured, is referred to as an electroencephalogram or
EEG for short [16] [157]. Similarly, a physiological application, in which the electrical sig-
nals produced by the movement of muscles within the body are measured, is referred to as
an electromyogram or EMG for short [16] [1] [25] [158]. Furthermore, all of these biomed-
ical measurements utilize knowledge of anatomy, in order to put the measurements in the
proper physical context and pharmacology to contextualize the electrochemical processes
measured within the body [16] [109] [153] [1] [23].

Secondly, the discipline of biology, while not as all-inclusive as the umbrella term med-
ical discipline, does include some topics that are frequently utilized within the medical
discipline but are primarily studied from a theoretical perspective rather than an applied
perspective [115, p.23] [39] [19, p.6, pp. 32-36] [20, pp.43-49] [11] [18] [159]. In many
respects, an analogy between the disciplines of physics and electrical engineering can be
applied here, insofar as, biology represents the theoretical study of life, which is analogous
to physics, while the medical discipline represents the application of that knowledge, which
is analogous to electrical engineering [115, pp.62-72] [18] [159] [160] [161] [162] [79] [61].
While admittedly, such comparisons are abstract and assume a certain amount of famil-

iarity with the electrical engineering discipline; however, such comparisons, despite being
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presumptuous and somewhat inaccurate, help to build a mental picture of disciplinary
causality [38] [36] [31] [8] [14] [11] [43]. With this in mind, biology, while studying a vast
assortment of life related phenomena, some of which will, unfortunately, go unmentioned,
is best known for its study of living processes, cells, evolution, genetics, reproduction, and
environmental effects [39, pp.xi-xxviii] [18, pp. v-vi]. Likewise, such knowledge generally
manifest itself, within the bioelectrical research area, through the development of elec-
trophoresis devices used in DNA analysis, electric cellular understanding, which is used to
put EKG, EMG, and EEG measurements into proper context, and a general understanding
of biomaterials in which electrical signals propagate through [163] [164] [165] [109].
Thirdly, the discipline of physics, as it was previously surmised, is primarily focused
upon the study of the mechanics of nature and can be generally separated into two sepa-
rate categories. The first category is commonly expressed by the term classical mechanics
and, most notably, studies natural forces, energy, momentum, gravity, sound and colli-
sion [166, pp.63—65] [27] [167]. Likewise, the second category is usually expressed by the
term modern physics and, most notably, studies electromagnetic phenomena, optics, nu-
clear phenomena, and quantum mechanics [168] [169] [167] [166, pp.63-65] [170] [171]. In
general, physics can metaphorically be conceptualized as the — great scientific bridge —
that embodies the, previously discussed, natural perspective that humanity is dependent
on [35, pp.129-144] [9, p.173] [85, p.60] [28, p.90-105] [65]. Conversely, because physics is,
in essence, humanities metaphoric translation of the language of nature, it should come as
no surprise that practically every scientific discipline utilizes numerous concepts developed
within the discipline of physics [35, pp.129-144] [65] [172] [173]. Yet, this should not imply
that a physicist is necessarily versed on all scientific knowledge, since after all, just because

a person can speak a language does not necessarily mean they intuitively understand every
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word within that language [35, pp.129-144] [65] [172] [173]. Likewise, there is a subtle

difference between theorizing what is likely to happen versus using personal experience to
intuitively predict what will happen [160] [15]. After all, when something is translated
from one language to another often times a part of the message is lost during the trans-
lation and the same thing can be said when comparing theoretical models with natural
events [66] [160] [15]. Nevertheless, the theoretical foundations provided by physics does
play a critical role within the bioelectrical research area, particularly in the utilization of
classical mechanics to model physical biological phenomenon and modern physics to model
bioelectrical phenomena [16] [174, pp.3—-29] [37] [175].

Fourthly, the engineering discipline, which within the bioelectrical research area gener-
ally includes electrical engineering, mechanical engineering, chemical engineering and truth-
fully any related subset that develops biomedical applications from theoretical knowledge,
is yet another ambiguous umbrella term [61, pp.365-366] [157, pp.ix-x]| [35, pp.129-131].
Although the development of applications, which ultimately takes an intellectual idea and
turns it into a physical object, is very important; however, discussion beyond this ba-
sic engineering observation is difficult without specifying a particular theoretical attribute
[176] [177]. While such theoretical attributes could be provided and discussed, such an
approach would become redundant in time. Thus, for this reason, let it just be stated
that electrical engineers mostly develop applications derived from the physical theory of
electromagnetics, mechanical engineers mostly develop applications related to the physical
theory of classical mechanics, and chemical engineers mostly develop applications related
to chemical theory [178] [179] [180] [27] [181]. While mechanical, chemical, and other un-
specified engineering disciplines have played an important part in the bioelectrical research

area, most notably by modeling biological mechanics and developing corrosive resistant
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materials for biological devices [182] [183] [109] [102] [127] [16]. Yet the most pertinent

attributes are found within the discipline of electrical engineering, as the electrical engi-
neering discipline utilizes the, previously mentioned, methods of signal acquisition, signal
production, and signal processing in practically every bioelectrical application, including
EKG, EEG, and EMG devices [73] [16] [102] [127] [155] [157].

Fifthly, the discipline of chemistry, while going unmentioned within some bioelectri-
cal texts, primarily studies the physical properties of atomic elements and the interac-
tions that occur between them [129] [16] [97] [135] [184] [132, pp.1-28] [185] [186]. In
many respects, it could be argued that a parallel exists between the methodological dif-
ferences, previously mentioned, and the differences observed upon comparing physics to
chemistry [68] [35, pp.129-144] [9, p.173] [85, p.60] [28, p.90-105] [65] [184] [132, pp.1—-
28] [185] [186]. Such points of comparison generally manifest themselves through the re-
alization that physics, while predominantly focusing upon understanding the language of
nature, chemistry on the other hand attempts to metaphorically perceive events from the
atomic perspective [184] [132, pp.1-28] [185] [186] [68] [28]. Likewise, such a perspective
tends to define nature based upon elemental interactions, rather than attempting to de-
fine nature thru the usage of quantum mechanics [184] [132, pp.1-28] [185] [186]. Yet,
as the philosophical example previously mentioned depicted, just because a difference in
perspective happens to exist does not necessarily imply that either answer is inherently
incorrect or that either perspective must discredit the other [28, pp.107-133] [29, pp.66—
69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9] [19]. In fact, chemistry, like any other
discipline, has benefited from physics and physics, in turn, has benefited just as much from
chemistry [68] [28] [187] [46]. Nevertheless, such observations are interesting to observe,

insofar as, they reiterate a, previously mentioned, fundamental philosophical difference that
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can create contention amongst interdisciplinary collaborators [20] [65] [115]. With that in
mind, the primary role of chemistry, within the bioelectrical research area, is to provide
information that will allow the electrical characterization of a biomaterial based upon its
atomic composition [73] [16] [115] [134] [188].

Sixthly, the discipline of physical chemistry, while also unmentioned within some bio-
electrical texts, will for the sake of simplicity, be summarized as the blending of chem-
istry with physics to create a new discipline that, might humorously be referred to as
— glorified electrochemistry [73] [16] [189] [190]. Setting such jest aside for the mo-
ment, physical chemistry primarily deals with modeling molecular forces, such as ion
implantation forces, deposition rates, thermodynamic properties, and numerous electro-
chemical principles [189] [190] [191] [192] [134] [188] [193]. In terms of its application,
within the bioelectrical research area, like chemistry, the physical related chemical prop-
erty studied within this research area are frequently applied when modeling biomaterials
(73] [16] [189] [190] [134] [188].

Seventhly, the discipline of mathematics, although generally never directly men-
tioned within biomedical texts, cannot be ignored as mathematics is like physics, in-
sofar as, if physics is attempting to translate the properties of nature into a scien-
tific language then mathematics, ultimately, is the language in which physicists speak
28] [71] [194] [195] [69]. Likewise, because all models fundamentally utilize mathemat-
ics to represent physical phenomena, thus, it is understood that mathematics is a neces-
sary part of bioelectrical research and without it, there would be no bioelectrical models
(28] [71] [194] [195] [69] [73] [16] [134] [188].

Lastly, the humanities, as previously mentioned in the discussion regarding philosoph-

ical concepts, while generally surmised, at least by some scientists, as an ambiguous aca-
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demic catchall, commonly used to categorize a number of academic disciplines generally
considered to exist outside of the influence of modern scientific philosophy, is important to
the bioelectrical research area for a variety of reasons [196] [28, pp.107-133] [29, pp.66—
69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9] [19]. Some of these reasons, as
previously discussed, were inherently philosophical, while other reasons, some of which
were not discussed, simply provide a metaphoric window into the mechanics of the human
perspective [49] [196] [172] [28, pp.107-133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14,
pp-40-43] [11, pp.1-9] [19]. While such disciplines are generally overlooked, especially
within the sciences, a basic understanding of such disciplines, or at least the acknowledg-
ment of there presence, can help prevent interdisciplinary communication problems along
with possibly increase research productivity [49] [196] [172] [28, pp.107-133] [29, pp.66—
69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9] [19]. Likewise, such knowledge
tends to put research into its proper perspective and gives research meaning on a supreme
scale [49] [196] [172] [28, pp.107-133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40—
43] [11, pp.1-9] [19]. Although such discussion is fascinating and profound, yet, for the
sake of clarity, it should be surmised that the humanities, although frequently unacknowl-
edged within the bioelectrical research area, have played a significant role within this area
based upon the information provided in the previous discussion [49] [196] [172] [28, pp.107—

133] [29, pp.66-69] [10, pp.2-8] [8, pp.1-6] [14, pp.40-43] [11, pp.1-9] [19].

3.3 Interdisciplinary Research
At this point, a brief introduction to the biomedical research area has been provided, a
number of pertinent philosophical concepts were discussed, the term bioelectrical research
was defined, and the principal disciplines associated with the research area were listed

[31] [8] [14] [11] [43]. Yet, although such information does help to convey the overall im-
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mensity of the area by outlining a number of fundamental research objectives; however,
such information, at least based upon the previous discussion, does little to convey neither
the natural manifestation of interdisciplinary communication problems nor the ramifica-
tions of such occurrences [31] [8] [14] [11] [43]. Thus, with this in mind, it would now
seem prudent to clarify some of these ambiguities by examining how all of these individual
attributes come together and ultimately function as a whole, or more precisely, function on
a macroscopic interdisciplinary level [31] [8] [14] [11] [43] [20]. Likewise, to begin this pro-
cess, it is prudent to point out that, although some interdisciplinary attributes have been
mentioned and a few possible consequences discussed, such examples are best metaphori-
cally surmised as being “just a drop of water in an endless sea” ' because of there narrow

focus upon specific interdisciplinary events rather than on the macroscopic system as a

whole [31] [8] [14] [11] [43] [20] [197].

3.3.1 Interdisciplinary Research and Scientific Cultures

Conversely it should also be pointed out that, until now, it has been inadvertently im-
plied that intellectual background and methodological differences are the singular source
of all interdisciplinary communication problems encountered, and while such singular
attributes are, in fact, a foundation upon which communication problems can occur,
such occurrences are generally the result of something more complicated than a sin-
gular event and such complexity is best surmised by the term interdisciplinary culture
[31] [8] [14] [11] [43] [20]. Yet, while the usage of the term interdisciplinary culture does
seem to imply the existence of some great metaphysical complexity or, at least, imparts
that some type of abstract rhetoric is currently at work, primarily because of the num-

ber of parallels between social culture and interdisciplinary culture; however, usage of

' Phrase from the Song "Dust in the Wind", written by Kerry Livgren of the band Kansas.
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this term, at least upon limiting the term to the metaphysical attributes previously dis-
cussed, is best surmised as being predominantly focused upon a singular discipline’s, such
as electrical engineering, tendency to define intellectual commonalities in terms that are
based upon a specific methodological approach utilized within that particular discipline
[20] [19, p.xiv] [162] [62, pp.845-846] [31] [8] [14] [11] [43]. Likewise, such commonal-
ities, once again manifesting from a commonly accepted metaphysical and theoretical
background, create something that is best described by the phrase common knowledge,
and while the assumption of a common intellectual background is extremely beneficial in
some cases, especially when researchers are conveying new ideas within their own discipline
[31] [8] [14] [11] [43] [49, pp.47-48] [84] [198] [57]. Yet, despite it being conceptually possi-
ble that some commonalities are, in fact, ingrained throughout corresponding disciplines,
more so if the correspondence is a frequent occurrence and the disciplines are historically
related; however, such assumptions are, once again, generally a risky proposition given
the number of ways information can be misinterpreted, and while it shall be admitted
that such discussion might seem to imply that interdisciplinary correspondence should be
avoided at all cost [31] [8] [14] [11] [43] [49, pp.47-48] [84] [198] [57]. Nevertheless, even
if such academic isolation was feasible, such implications were neither intended nor sup-
ported, especially given the number of successful interdisciplinary research efforts currently
found within contemporary academia [31] [8] [14] [11] [43] [49, pp.47—48] [84] [198] [57].
A notable example of such occurrences being, the theories that have been developed after
the collaboration of the physical chemistry discipline and the electrochemical impedance
spectroscopy research area; in which their sharing of conceptual theory and frequent sci-
entific collaboration has yielded a number of theoretical models that are able to predict

an assortment of chemical phenomena ranging from electrode health analysis to material
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deposition rates [189] [188] [31] [8] [14] [11] [43] [49, pp.47—48] [84] [198] [57].

Yet such success stories are not without their share of scientifically oriented cultural
problems, after all, as the practice of interdisciplinary collaboration becomes more fre-
quent, the number of cultural problems encountered is bound to increase [196, pp.49—
59] [56] [31] [8] [14] [11] [43] [49, pp.47-48] [84] [198] [57]. Likewise, such problems, par-
ticularly within the bioelectrical research area — since such research exist at the forefront
of contemporary interdisciplinary research efforts, tends to encounter these problems at
a more frequent interval because of the considerable number of historically diverse dis-
ciplines required to effectively research this particular subject and the number of defer-
ring definitions of common knowledge found within each collaborating discipline [196,
pp-49-59] [56] [31] [8] [14] [11] [43] [49, pp.47-48] [84] [198] [57] [35] [19]. Conversely, to
demonstrate the existence of such problems, consider for the moment the difference be-
tween the electrical engineering notations of voltage (V) and current density (J) verses
the electrochemical impedance spectroscopy notations of voltage (@) and current density
(i) [106] [133] [188]. Likewise, because notational differences can exist, arguably because
of the previously mentioned scientific culture, great care must be taken to ensure that
an idea communicated within one discipline is correctly conveyed within the other, or
alternatively, that a discipline attempting to apply information obtained from another dis-
cipline is aware of the notational context in which the information was originally presented
(196, pp.49-59] [56] [31] [8] [14] [11] [43] [49, pp.47-48] [84] [198] [57] [35] [19] [199] [200].
While such occurrences might, at least at first, seem like an isolated event; however, such
notational differences are rather frequent, especially within the bioelectrical research area,
because of the limited number of mathematical variables available and the overwhelming

number of theoretical concepts that need to be conveyed thru the usage of those variables
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[199] [97] [68] [177] [195] [106] [133] [188] [129] [200].

Yet, while such notational conflicts tend to make interdisciplinary communication chal-
lenging but possible, problems that originate from assumptions based upon disciplinary
common knowledge tends to yield far greater consequences than the surmised temporary
confusion notational disorientation can bring [20] [200] [49] [69, pp.136-138] [11, pp.3-5].
Likewise the problems that arise from such assumptions, which can only be surmised as an
overall miscommunication between two or more disciplines, typically occurs when research
done within one discipline is presented within an interdisciplinary forum without taking
into account the fundamental metaphysical and theoretical differences between participat-
ing disciplines [200, p.44]. While some of these consequences were previously mentioned in
the sections above, to expand such notions further, typically such miscommunications, at
best, result in some of the subtle nuances of one discipline, which are generally considered
to be common knowledge, thus trivial, being misinterpreted in a way that a false since
of conceptual understanding is obtained by the other discipline. While, once again, these
types of misconceptions are oftentimes correct on a theoretical level, they are typically not
technically accurate in every aspect, thus there application usually results in a rigid theory
being applied rather abnormally to a problem that, more often than not, will generally
produce a theoretically sound answer that is embedded with sporadic points of ambiguity
(200, p.44] [49, ch.iv] [8] [14] [11] [201].

Conversely, to further illustrate this point, consider for the moment an electrical
impedance spectroscopy publication that describes how an electrochemical model can be
synthesize from measured data. Likewise, within this particular publication, a flowchart
was provided that depicts each step of a chemical identification process, in which a symbolic

operational amplifier was metaphorically used because the information obtained, at least
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upon review of electrical engineering publications, seem to indicate that because an opera-
tional amplifiers inputs are always equal such a component would make an ideal symbolic
descriptor for one of the steps within there identification process [202]. Furthermore, this,
previously mentioned, flowchart also depicts a generic feedback component being applied
to this symbolic operational amplifier, because it is stated that such feedback will inher-
ently reduce the error measured within the identification process being depicted [202].
While, at least from a metaphoric perspective, such an analogy might make perfect sense
to someone within the electrical impedance spectroscopy research area; however, someone
within the electrical engineering discipline would, for the most part, highly disagree with
this metaphoric usage, as the electrical engineer would know, based upon their common
knowledge, that an operational amplifier only has equal input voltages when the amplifier
has a high internal gain and uses a negative feedback configuration [203, p.69-93].
Similarly, a control systems engineer would find the liberal usage of the term feedback,
within the process depicted, rather offensive since there is more than one type of feedback
to select from and not all feedback will reduce error [204]. Thus, based upon this example,
it becomes clear that disciplinary common knowledge can, at the very least, cause uninten-
tional attributes to be applied to an interdisciplinary topic, like the identification process
previously mentioned, and such unintentional attributes can quickly result in the misin-
terpretation of critical concepts within an interdisciplinary research forum [200, p.44] [49,
ch.iv] [8] [14] [11] [201]. Yet, it is important to recognize that such misinterpretations do
not necessarily imply that the concepts being presented were inherently incorrect; rather, it
is important to recognize that when common disciplinary knowledge is assumed, especially
within an interdisciplinary forum, good ideas can quickly have unintentional attributes at-

tached to them that will make them seem incorrect, thus great care is required when apply-
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ing or interpreting concepts that have common disciplinary knowledge associated with them
200, p.44] [49, ch.iv] [8] [14] [11] [201]. While most technical publications — fortunately
— tend to avoid the liberal usage of such metaphoric comparisons when presenting their
theoretical ideas; however, a similar type of problem can also occur when measured data
is presented within the same interdisciplinary forum, as the commonly accepted units of
measurement typically vary between disciplines [200, p.44] [49, ch.iv] [8] [14] [11] [201] [65].
Conversely, to provide an example of such differences, the subject of bioimpedance spec-
troscopy typically provides measured data in terms of permittivity and conductivity, both
of which require some type of assumed circuit topology, while the electrical engineering
discipline tends to present measured data in terms of voltage and current in order to avoid
such assumptions [16, p.62-69] [136, p.259-262]. Yet, once again, both methods, in this
particular case, while having sound scientific merit, will probably result in an electrical en-
gineer making a few cynical comments regarding the units used to depict the data measured
(200, p.44] [49, ch.iv] [8] [14] [11] [201] [65].

Equally, another example can be found upon comparing the electrical engineering dis-
ciplines tendency to refer to the complex verses frequency graphical representation of mea-
sured data as a Nyquist plot, the bioimpedance spectroscopy fields tendency to refer to
them as a Wessel diagram, and the electrochemical impedance spectroscopy fields ten-
dency to refer to them as a complex-plane impedance plot [204, p.585-586] [16, p.68—
69] [205]. While it is important to recognize that the subtleties being assumed in each
plot are not necessarily the same; however, all of these plots do depict the same physi-
cal attributes, real numbers verses imaginary numbers as they change over frequency, and
such assumptions, once again, open the door for possible criticism upon interdisciplinary

review [200, p.44] [49, ch.iv] [8] [14] [11] [201] [65] [204, p.585-586] [16, p.68-69] [205).
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Yet, while such cultural problems are naturally prevalent within interdisciplinary research,
more so within the bioelectrical research area than any other area, yet it should be noted
that an effort has been made, at least within the bioelectrical research area, to reduce such
contentions thru the migration towards a singular research discipline; however, such con-
tentions are , once again, at best difficult, if not impossible to completely resolve since the
task of unifying every piece of known knowledge into a single discipline would be, rather
challenging, in itself, and upon inclusion of the fact that a fair amount of centuries old
scientific traditions would also have to be modified in order to achieve such a task only
compounds the problem further [200, p.44] [49, ch.iv] [8] [14] [11] [201] [65] [204, p.585—
586] [16, p.68-69] [205] [177] [18] [86]. Thus, as it might be expected, such cultural problems
are, for the most part, simply a fact of life when working within an interdisciplinary research
environment, particularly within the bioelectrical research area.

Yet, while such cultural observations are, for the most part, more superficially abstract
than inherently metaphysical; however, the natural progression of such observations, thus
far, seems to merit discussing a more metaphysically oriented derivative — the metaphysi-
cal duality of common knowledge [200, p.44] [49, ch.iv] [8] [14] [11] [201] [65] [177] [18] [86].
Likewise, such discussion — once again arising primarily from the previous dialog re-
garding humanities ability to describe a perceived occurrence differently based upon
the metaphysical philosophy of the observer — begins by considering how the exis-
tence of deferring methodological research sequences, which is a notion very similar to
the metaphysical concepts previously discussed, can naturally and frequently occur de-
spite such occurrences seaming like a scientifically illogical possibility [200, p.44] [49,
ch.iv] [8] [14] [11] [201] [65] [177] [18] [86] [85] [90]. Yet, as it might be expected, the rationale

behind such notions stems from the definition of understanding and its meaning within each
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scientific discipline, while further examination of this attribute seems to reveal the presence
of two accepted definitions of the term understanding [200] [49, ch.iv] [8] [14] [11] [85] [90].
Likewise, the first definition seems to allow for the inclusion of averages, a notion that
seems to be attributed to the philosophy of applied science, while the second definition,
being more rigid, appears to only allow for the inclusion of quantifiable certainty, a concept
best attributed to the philosophy of pure science, and both of these definitions, upon being
contextualized together, seem to be at the foundation of most common knowledge problems
encountered during interdisciplinary research [200] [49, ch.iv] [43] [8] [14] [11] [85] [90] [35,
pp-129-144] [65] [172] [173].

While the examination of such metaphysical notions, as previously observed, does have
a tendency to result in more questions than answers, yet because analyzing a real world
example can oftentimes help clarify such ambiguities, it is found, at least upon the ex-
amination of the electrical engineering discipline, that this discipline makes use of applied
science, thru its usage of electron averages within the Ohm’s law equation, and pure science,
thru its usage of theoretical force equations when modeling individual particle velocities
[200] [49, ch.iv] [8] [14] [11] [85] [90] [35, pp.129-144] [65] [172] [173] [177] [203] [106].
Yet such examples seem to raise more questions than answers, after all, it would have
been logical to assume that each discipline would have adhered to one philosophy or the
other, but alas, the dreaded Rogerian case, as previously mentioned, seems to best de-
scribe this particular scenario, and because engineering is traditionally considered to be
the discipline in which scientific theory is transformed into a real world application, such
Rogerian blending of methodological philosophy should, in retrospect, come as no surprise
[200] [49, ch.iv] [8] [14] [11] [85] [90] [35, pp.129-144] [65] [172] [173] [56] [206]. While the

Rogerian blending of methodological philosophy might now be considered a common oc-
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currence; however, this is not to say that all scientific disciplines are without some type
of philosophical bias, after all, if some type of bias did not exist then interdisciplinary
research problems would be a rather trivial occurrence and clearly they are not [200] [49,
ch.iv] [8] [14] [11] [85] [90] [35, pp.129-144] [65] [172] [173] [56] [206] [31] [43] [8]. Likewise,
while some blending of methodological philosophy, in retrospect, does logically appear to
make sense, yet the notion that one methodological philosophy is more dominant then the
other, at least within a particular discipline, would seem to require further investigation
and consequently, within the electrical engineering discipline, it has been observed that
most of the concepts utilized do tend to make assumptions that are based upon averages
rather than theoretical specifics, and such assumptions seem to imply that the method-
ological philosophy of applied science is, in fact, the conceptual norm within this area
[200] [49, ch.iv] [8] [14] [11] [85] [90] [35, pp.129-144] [65] [172] [173] [56] [206] [31] [43] [8].

Although, many academic disciplines do inherently migrate towards a common def-
inition of conceptual understanding, some biased towards averages while others biased
towards quantitative certainty; yet such philosophical inconsistencies, as one might imag-
ine, can become very problematic within an interdisciplinary research forum like the
bioelectrical research area, and to illustrate this point further, consider for the mo-
ment the electrical engineering discipline versus the physical chemistry discipline usage
of scientific methodology to solve the same biomaterial modeling problem [200] [49,
ch.iv] [8] [14] [11] [85] [90] [35, pp.129-144] [65] [172] [173] [56] [206] [31] [43] [8]. To
begin such a comparison, because the electrical engineering discipline tends to be biased
towards the philosophy of applied science, upon being given such a problem an electrical
engineer, speculatively speaking, might propose that any discrepancies found between con-

temporary theory, or a pure science prediction, can be accounted for through an applied
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science process known as network synthesis [200] [49, ch.iv] [8] [14] [11] [85] [90] [35, pp.129-

144] [65] [172] [173] [56] [206] [31] [43] [8] [207]. While network synthesis can be — loosely
— defined as a series of procedural steps that attempts to represent any observed electrical
signal thru the concatenation of passive electrical components; however, despite such ap-
proaches being interesting and useful, the important point to take away from this example is
the circuit structure produced, at least by this particular method, generally will have no real
world physical correlation to the physical system observed, and such abstract representation
depicts how the application of the methodological philosophy of applied science will typi-
cally manifest itself along with the limitations that generally result from its usage [200] [49,
ch.iv] [8] [14] [11] [85] [90] [35, pp.129-144] [65] [172] [173] [56] [206] [31] [43] [8] [207].
Conversely, the physical chemistry approach towards this problem, once again spec-
ulatively speaking, will more than likely be significantly different from the electrical en-
gineering approach, particularly because of this disciplines better acquaintance with the
fundamental elements that biomaterials are comprised of along with the deeply rooted his-
torical connection to the discipline of physics [200] [49, ch.iv] [8] [14] [11] [85] [90] [35,
pp-129-144] [65] [172] [173] [56] [206] [31] [43] [8] [115] [189]. Likewise, because the dis-
cipline of physics is more theoretically based, or generally considered to have more of a
pure science methodological bias, it should come as no surprise that some of the methods
utilized within the physical chemistry discipline will possess a similar bias, and such a
bias makes the physical chemistry disciplines usage of electrohydrodynamics modeling, or
EHD modeling for short, a natural possibility to the problem previously given [200] [49,
ch.iv] [8] [14] [11] [85] [90] [35, pp.129-144] [65] [172] [173] [56] [206] [31] [43] [8] [208] [209].
On that note, EHD modeling can be — loosely — summarized as a process in which

various fundamental principles, such as basic fluid mechanics or thermodynamics, are cou-
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pled with fundamental electromagnetic principles in order to create a series of equations
that attempt to predict the electromechanical propagation of a signal, within a bioma-
terial, at the molecular level [208] [209]. While such an approach, at least upon con-
sidering the implied level of theoretical complexity, is admittedly impressive; however,
the important concept to take away from this example is the fact that such theoreti-
cal complexity is generally also accompanied by computational complexity, as this par-
ticular example would probably require a super computer to mathematically converge,
which makes this approach impractical and furthermore, such approaches — inevitably—
have some type of natural assumption built into them that tends to invalidate the ideal
pure scientific methodological principal [200] [49, ch.iv] [8] [14] [11] [85] [90] [35, pp.129-
144] [65] [172] [173] [56] [206] [31] [43] [8] [208] [209] [210].

Yet, because both approaches, the electrical engineering approach versus the phys-
ical chemistry approach, are capable of producing accurate biomaterial models, so
long as certain initial conditions exist and the limitations of each approach are
known; however, a comparison between the two techniques, despite being interest-
ing, was not intended, as the concept that differences in methodological research
perspective could, once again speculatively speaking, result in radically different ap-
proaches to a similar problem [200] [49, ch.iv] [8] [14] [11] [85] [90] [35, pp.129-
144] [65] [172] [173] [56] [206] [31] [43] [8] [208] [209] [115] [189] [207] [210]. While such
differences in methodological origin generally only manifest themselves upon compari-
son of the macroscopic versus microscopic metaphysical perspective of interdisciplinary
research, a notion that would seem to inherently imply that one perspective is better
suited to accurately predict observable averages than singular occurrences or singular

occurrences over observable averages; yet, to complicate matters further, it could also
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be argued, as it was previously pointed out, that because the physical chemistry exam-
ple did utilize equations with some amount of averages intrinsically embedded within
them that either the methodological categorization was incorrect or the methodolog-
ical category used is simply flawed and everything is truly based upon the method-
ological philosophy of averages [200] [49, ch.iv] [8] [14] [11] [85] [90] [35, pp.129-
144] [65] [172] [173] [56] [206] [31] [43] [8] [208] [209] [115] [189] [207] [210].

Yet such cynical observations can only occur, primarily because the definition of con-
ceptual understanding is a relatively abstract term, and such abstraction inherently implies
that metaphoric shades of gray can and, in fact, do exist [29, pp.11-13] [9] [31] [19] [201].
Likewise, the scientific utilization of such abstraction mandates that a definitive benchmark
is defined prior to conducting any assessment, and to illustrate this point further by using
the previous example as a guide, If, for the sake of argument, the electrical engineering
methodological approach utilized was selected as the conceptual understanding benchmark
and compared to the physical chemistry modeling approach then the conclusion would be —
relatively speaking — that the physical chemistry approach is more quantitatively certain
than the electrical engineering approach because it utilizes a greater amount of theoretical
detail, at least regarding the physical structure of the biomaterial under observation, within
its prediction than the electrical engineering approach [211] [212] [14] [172] [49] [8] [43].
Conversely, as it has already been discussed, it is easy to recognize that this argument,
regarding the definition of conceptual understanding, extends deeply into the metaphysi-
cal domain and although such discussion can be rather enlightening, the only attribute of
current concern is the metaphysical duality, previously discussed, that arises from the meta-
physical differences interpreting natural events based upon the limitations of the human

perspective [29] [15] [9] [10] [14] [49] [8] [43].
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Nevertheless, despite encountering some minor philosophical ambiguities, both disci-
plines depicted, speculatively, did in fact utilize the same scientifically accepted method-
ology; however, both disciplines, at least upon application of the same scientific research
methodology, once again, naturally interpreted and limited by disciplinary conceptual un-
derstanding, produced different approaches to solve the same problem that, under applica-
ble circumstances, can provide similar results [200] [213] [214] [31] [65] [14] [49] [8] [43] [210].
While such results tend to articulate the existence of a seemingly illogical possibility, as
the mind has a tendency to believe that both methods cannot yield a correct answer while
being fundamentally different, yet, as previously discussed, such an occurrence is neither
illogical nor impossible and such occurrences are, once again, a fundamental reminder that
all scientific research is fundamentally limited by humanities interpretation and such limi-
tations are the metaphoric highway that all interdisciplinary interactions inevitably travel
upon [15] [29] [206] [12, pp.32-37] [215, pp.75-79] [173] [14] [49] [8] [43]. Although this
point could be rearticulated further, a notable seventeenth century mathematician by the
name of Blaise Pascal best surmised this particular scenario by writing

“The world is a good judge of things, for it is in natural ignorance, which is
man’s true state. The sciences have two extremes which meet. The first is the
pure natural ignorance in which all men find themselves at birth. The other
extreme is that reached by great intellects, who, having run through all that men
can know, find they know nothing, and come back again to that same ignorance
from which they set out; but this is a learned ignorance which is conscious of
itself. Those between the two, who have departed from natural ignorance and not
been able to reach the other, have some smattering of this vain knowledge, and

pretend to be wise. These trouble the world, and are bad judges of everything.
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The people and the wise constitute the world; these despise it, and are despised.

They judge badly of everything, and the world judges rightly of them” [216, p.66].

While Pascal’s acrid tone could be attributed to his age and declining health, as Pensees !
was written near the end of his life, yet his message, despite being acrid, does embody
the true spirit of scientific research by elaborating its close connection with the meta-
physics of nature [217, p.621] [14] [49] [8] [43] [218] [219] [220] [221]. Likewise, Pascal,
at least within this particular passage, seems to be articulating the accumulated wisdom
obtained thru many years of intellectual inquiry and seems to be imparting the message
that proclaiming scientific wisdom by denying the existence of humanities metaphysical
uncertainty simply blinds a person to the reality of the natural world; as doing so would
be as silly as proclaiming natural events cannot occur without a human perceiving those
events [14] [49] [8] [43] [218] [219] [220] [221]. Although Pascal’s words are dated, his
message has survived times scrutiny and has been modernized and refined; a notion that is
elegantly depicted by the twentieth century philosophical works of Lecomte du Nouy who

wrote

“Scientific learning is composed of two opposites which nonetheless meet each
other. The first is the natural ignorance that is man’s lot at birth. The second
is represented by those great minds that have investigated all knowledge accu-
mulated by man only to discover at the end that in fact they know nothing.
Thus they return to the same fundamental ignorance they had thought to leave.
Yet this ignorance they have now discovered is an intellectual achievement. It
is those who have departed from their original condition of ignorance but have

been incapable of completing the full cycle of learning who offer us a smattering

' French phrase for: That which the mind thinks
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of scientific knowledge and pass sweeping judgments. These are the mischief

makers, the false prophets” [14, p.13]

[49] [8] [43] [218] [219] [220] [221].

While Nouy tends to be a touch more zealous, but a shade brighter than Pascal’s acrid
scorn, the message being conveyed is the same, if not a touch more illuminating than
Pascal’s original statement, and such philosophical sentiments are — in many respects
— an interesting paradigm to live by, as such notions are very applicable to both intra-
disciplinary research and interdisciplinary research alike, at least based upon the discus-
sion provided above [14] [49] [8] [43] [218] [219] [220] [221] [20] [200] [65] [222] [210].
Thus, with this being said, it becomes obvious that effective interdisciplinary research
begins with understanding scientific culture, and this understanding can only be ob-
tained by not only recognizing the obvious differences, like notational differences, but
also the unspoken metaphysically oriented differences that exist, which requires keep-
ing an open mind along with a willingness to immerse oneself into a foreign research
culture [14] [49] [8] [43] [20] [200] [65] [223] [224] [222] [222] [210]. Although, inter-
disciplinary research is possible without taking such attributes under advisement; nev-
ertheless, based upon the wisdom of Nouy’s and Pascal’s sentiments, the occurrence of
“sweeping judgments” within interdisciplinary research, at least under such conditions,
would seem to to be an inevitability — if such considerations are not taken under ad-
visement — and the occurrence of such judgments — as a result — would be seemingly
destined to hinder further research, if not completely discourage such research entirely

[14] [49] [8] [43] [20] [200] [65] [223] [224] [216] [210].

3.3.2 Interdisciplinary Research and Contemporary Society

Although such discussion, at least regarding the effects scientific culture has had on in-
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terdisciplinary research, despite being interesting and intellectually stimulating, did suggest
that a similar parallel could be found upon comparison of the subject with contemporary
society and such notions merit further examination, though not necessarily to the same
extent the previous section received [20] [200] [9] [10] [65] [87]. Likewise, to begin such an
examination, it should be mentioned, once again, that most modern consumer electrical
applications are, in principle, very electrically similar to the digital voice recorder exam-
ple previously provided, yet despite such fundamental similarities, at least based upon
the varying amounts of social popularity that such applications have received, it would
appear that society, in general, seems to have a tendency to prioritize the importance
of such applications using a rather arbitrary and somewhat irrational scale, as opposed
to categorizing them using a more systematic process, for example, such as prioritizing
such applications based upon there overall function or there overall intellectual complexity
[136] [203] [225] [226, pp.1-2] [176] [227] [7] [206] [228] [229] [230] [231]. Yet while such prior-
itization might appear arbitrary; however, such prioritization does seem to be — loosely —
dependent upon the overall perceived social benefit of the application within contemporary
society, and although science tends to rigorously abhor such ambiguity, particularly social
ambiguity, some clarity can be obtained from the observation, at least within the bioelectri-
cal research area, that a somewhat less arbitrary connection does exist between the socially
perceived benefit of an application and the ability of that application to positively affect
human health or extend human longevity, more so under circumstances in which life would
have otherwise been previously discontinued [176] [227] [7] [206] [229] [230] [231] [31] [19].
Conversely, an interesting consequence that arises, at least from such social consensus, is
the substantial amount of economic resources that are frequently being invested in to the

development and improvement of applications that are perceived beneficial, a task that is
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primarily observed — at least within the biomedical research community — through tar-
geted funding of specific research subjects [232] [233] [234] [235] [236] [237] [238]. Similarly,
further investigation reveals both an overall positive social opinion of biomedical research
and also an underlying desire to contribute to the advancement of the subject in some way,
shape, or form; a notion that is generally made manifest by the organization of community
events, such as walks or awareness campaigns, that are — more often than not — geared
towards the acquisition of additional research funding [239] [240] [241] [20] [242] [243] [244].

Nevertheless, despite societies desire to positively contribute to the understanding of
such applications, at least upon confinement of the discussion within the boundaries of the
biomedical research area, it is interesting to observe the overall social tendency to sum-
marize significant research contributions through the usage of generic categories like: can-
cer research, Parkinson’s disease research, human immunodeficiency virus (HIV) research,
cosmetic research, or deoxyribonucleic acid (DNA) research [245] [246] [234] [240] [100,
p.284] [159] [200] [244] [232]. Yet, such summarization, while defining an end application
or research objective, tends to overlook the significance of individual disciplinary research
contributions and fails to specify the disciplines needed to research that particular ob-
jective [200] [20] [176] [247] [248] [249] [250] [251]. Likewise, while it is tempting to
attribute societies overall summarization of complex biomedical research based solely upon
its general ignorance of scientific subjects; however, such blame would be misplaced, es-
pecially given the number of disciplines required to effectively research such topics and
the metaphoric interdisciplinary quagmire created that some veteran interdisciplinary re-
searchers, at times, have difficulty navigating [252] [253] [254] [255] [256] [10] [9] [115].
Thus, it should come as no surprise that if a veteran interdisciplinary researcher can have

difficulties keeping interdisciplinary concepts straight that the average layman would natu-
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rally find such concepts far more confusing, hence why such concepts are typically socially
communicated thru the usage of generic summarization regardless of how scientifically
inaccurate that summarization is [20] [200] [115] [65] [244] [239] [19] [198] [257] [70, pp-80—
85] [90, pp.39-40] [258] [259] [260]. Conversely, to better illustrate why and how such
summarization generally occurs, consider for the moment one common socially perceived
biomedical application called the electrocardiogram, a common medical diagnostic device
found in hospitals around the world, that is capable of providing information regarding the
movement of the heart based upon noninvasive measured electrical activity, and examine
the fundamental concepts that were used to develop this particular application [129, p.18—
19] [155] [154] [157] [148] [261] [165].

Thus, without having to provide a substantial amount of technical detail, although
such technical detail will be discussed in later chapters, it can be said that, at least
upon reviewing the knowledge needed to develop and utilize this particular application,
an electrocardiogram (ECG or EKG) system would need to utilize electrical engineering
theory, which is naturally based upon a number of theoretical principles from the dis-
cipline of physics, in the acquisition and analysis of electrical signals produced by the
heart [129, p.18-19] [155] [154] [157] [148] [261] [165] [110]. Similarly, a basic knowledge
of medical physiology is also required to correlate the measured electrical signals with the
physical movement of the heart, and some knowledge of both biology and chemistry would
be needed to determine optimal electrode placement for accurate detection of electrical
signals along with some understanding surrounding the chemical gradients in the heart
that created those signals [129, p.18-19] [155] [154] [157] [148] [261] [165] [110]. Further-
more, additional scientific disciplines would be needed to determine how the device would

be commercially manufactured along with how to make the device electrically safe for hu-
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man usage [129, p.18-19] [155] [154] [157] [148] [261] [165] [110] [176] [125] [119]. Yet

despite the significant number of disciplines needed to develop this particular application,
society in general will mentally summarize the electrocardiogram by its end usage within
the medical discipline rather than recognizing the other disciplines involved with the de-
vices development [255] [256] [254] [252]. Similarly, other medical devices, including the
electromyogram (EMG), used to observe electrical signals produced by muscle movements,
along with the electroencephalogram (EEG), used to observe electrical signals produced
by the brain, fall into a similar social classification that is, once again, based upon their
end usage rather than the interdisciplinary knowledge utilized during there development
[129, p.18-19] [155] [154] [157] [148] [261] [165] [110] [176] [125] [119] [255] [256] [254] [252].
Likewise, another medical device called a nuclear magnetic resonance imager (MRI),
which applies electromagnetic theory to observe nuclear magnetic resonance, within
the human body, makes use of a similar amount of disciplinary knowledge as
the previous examples, although requiring a slightly different theoretical distribu-
tion of such knowledge, is yet another example of a device that is categorized so-
cially in a similar manner as the EKG, EMG, and EEG [261] [262] [129, p.18-
19] [155] [154] [157] [148] [261] [165] [110] [176] [125] [119] [255] [256] [254] [252]. Fur-
thermore, a medical device called a biological impedance analyzer (BIA), which utilizes
low-voltage alternating current signals to analyze skin impedance, is yet another exam-
ple of a medical device that requires an assortment of interdisciplinary concepts that are,
once again, surmised, at least within contemporary society, by its consumer application
[263] [97] [16] [1] [261] [255] [256] [254] [252].

Using these previous examples as a guide, it is interesting to observe the number of

diverse disciplinary concepts required to develop even the most rudimentary biomedical ap-
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plication and the amount of time that would be required to individually understand every
pertinent theoretical concept used by such applications [58] [115] [19] [31] [102] [36] [97] [16].
While such examples do tend to vindicate societies usage of generic social summarization
when it comes to discussing scientific research, and — at the very least — does offer
some insight behind its occurrence since, after all, the years of intellectual inquiry needed
to understand every theoretical attribute associated with a particular application is sim-
ply a luxury that a layman seldom has — or, for that matter, would be willing to en-
dure [58] [115] [19] [31] [102] [36] [97] [16] [255] [256] [254] [252]. Yet such summarization
would almost seem inevitably destined to have future consequences and likewise, problems
can arise, as it might be expected, that can have profound consequences, particularly within
the bioelectrical engineering research area [255] [256] [254] [252]. To elaborate this point
further, consider for the moment the social distribution of research funding, at least as
it pertains to its distribution within the biomedical research area, as there seems to be
a strong correlation between the amount of funding received verses the amount of over-
all positive social attention a research topic has received, and such observations tend to
metaphorically pave the way for some interesting discussion regarding societies fundamen-
tal role within the sciences [255] [256] [254] [252] [18] [257] [232] [234] [239] [240] [235].
While, it is important to recognize that such observations are not necessarily absolute for
every circumstance, after all there are always unique exceptions to such generalizations,
a notable example being the number of socially oriented government programs that have
provided research funding based upon academic merit, like America’s NSF or DARPA
programs to provide some examples — though the previously discussed effects of scien-
tific culture seem to play a significant role in determining funding distribution for this

particular case; however, regardless of the method utilized, even if funding was directly
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distributed based upon the subjects overall intellectual merit, such funding does ultimately
originate from society in one way, shape, or form, and thus, on some level, will inevitably
be distributed based upon a criteria that originates from or is biased by social expecta-
tions [255] [256] [254] [252] [18] [257] [232] [234] [239] [240] [235] [264] [265]. Conversely, a
common consequence of this type of scientific funding generally results in either perceived
socially beneficial research topics, that were fortunate enough to fall under this classifica-
tion, receiving an overwhelming amount of support or socially unacknowledged research
areas, like particular bioelectrical research topics, modifying the scope of their research to
include perceived socially beneficial objectives, since such modification would increase the
likelihood of such research being socially perceived and thus increase the odds of receiving
future funding [255] [256] [254] [252] [18] [257] [232] [234] [239] [240] [235] [264] [265] [266].

While such descriptions might appear to be somewhat intellectually grim — although
there typically is some type of natural “pro” ' for every mentioned “contra” * under
such circumstances— yet the critical concept to take away from this observation is the fact
that, regardless of whether academia admits it or not, societies perception of science and
even its metaphysical beliefs, ultimately effect what subjects are researched in some way,
shape, or form [267, p.1462,p.432] [255] [256] [254] [252] [18] [257] [232] [234] [239] [240]
[235] [264] [265] [266] [20] [259] [28] [52] [14] [8] [43]. Nevertheless, while such at-
tributes might appear somewhat grim to an intellectually driven mind; however, soci-
eties scientific expectations, as previously mentioned, while having a tendency to focus
scientific research towards a specific issue or onto a particular consumer application,
is not necessarily without some merit or benefit; after all, there is a metaphoric id-

iom that states that “a chain is only as strong as its weakest link” and the same can

' Latin for: on behalf of.
12 . .
Latin for: against.
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be said for society, since to quote Arthur C. Clarke “Any sufficiently advanced tech-

nology is indistinguishable from magic”, thus based upon such a depiction, it should
come as no surprise that society would naturally seem to fear, or for that matter
hate, anything that is beyond its current ability to intellectually comprehend; a notion
that would seem to make societies involvement within the sciences a good thing [92,
p.93] [267, p.1462,p.432] [268, p.13-36] [255] [256] [254] [252] [18] [257] [232] [234] [239]
[240] [235] [264] [265] [266] [20] [259] [28] [52] [14] [8] [43]. Yet it is important to point
out that such observations do not necessarily imply that the social dictation of scientific
research is a good thing; after all there is a definitive difference between social involve-
ment and social dictation, and one need only consider the events that occurred during the
dark ages to show that the social dictation of scientific objectives generally yields horri-
ble results [255] [256] [254] [252] [18] [257] [232] [234] [239] [240] [235] [264] [265] [266]
[20] [259] [28] [52] [14] [8] [43] [53] [177] [159] [54].

While such observations are beginning to extend beyond the intended scope of this
discussion, the important concept to take away from all of this is the fact that con-
nections do exist between scientific research and societies overall cultural perception of
that research [255] [256] [254] [252] [18] [257] [232] [234] [239] [240] [235] [264] [265] [266]
[20] [259] [28] [52] [14] [8] [43]. Likewise, it is also important to recognize that such con-
nections play a significant role, though a frequently unacknowledged role, in determining
the subjects that scientific disciplines end up researching and such social connections, at
least as they pertain to the biomedical and bioelectrical research area, tend to result in
a significant amount of importance being placed upon particular medical applications,
like cancer research for example, since funding for such research is more available and

the positive metaphysical attributes, such as social prestige and the likelihood of scien-
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tific martyrdom, are also greater [255] [256] [254] [252] [18] [257] [232] [234] [239] [240]

[235] [264] [265] [266] [20] [259] [28] [52] [14] [8] [43] [213] [269] [11] [224] [234] [214]. Yet,
while research funding and positive metaphysical attributes are a significant enticement in
determining scientific research topics; however, social opinion is inherently volatile and is
always changing, an observation that is easily observed upon analyzing how social opinion
changes political opinion and political opinion changes social opinion, so much so that any
scientific research selected based solely upon social funding becomes a metaphoric tree in the
wind that will have to continually bend and sway with the current social perspective to keep
from breaking [255] [256] [254] [252] [18] [257] [232] [234] [239] [240] [235] [264] [265] [266]
[20] [259] [28] [52] [14] [8] [43] [213] [269] [11] [224] [234] [214]. While it could be ar-
gued that political opinion is simply an aggregate social opinion with a lengthy time de-
lay, and that the oscillatory effects observed appear to imply that a marginal instability
exists within the structure of contemporary society; however, setting such observations
aside, it would appear that social volatility is yet, just another fact of life and that such
volatility has shaped biomedical research topic selection for better or worse, a fact that
is generally made manifest by particular research topics becoming metaphorically taboo
[255] [256] [254] [252] [18] [257] [232] [234] [239] [240] [235] [264] [265] [266] [20] [259]
28] [52] [14] [8] [43] [213] [269] [11] [224] [234] [214].

Although, to imply that the scientific community would actively discourage any le-
gitimate scientific research based solely upon its desire for further social funding would
clearly be an overstatement, yet there definitively is a political attribute within the sci-
entific community, particularly within academia, and such connections, from time to

time, tend to be rather persuasive when it comes to the subject of topic selection

[255] [256] [254] [252] [18] [257] [232] [234] [239] [240] [235] [264] [265] [266] [20] [259]
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28] [52] [14] [8] [43] [213] [269] [11] [224] [234] [214]. Nevertheless, while such social is-

sues can directly affect the intended objectives of scientific research or at least govern
the rate at which that research is done thru financial regulation; however, the meta-
physical principles that merge together to create the pillars of social ethics have had
a more prominent effect in defining the limitations placed upon scientific research and
its derivative applications, as anything that attempts to go beyond the boundaries de-
fined by contemporary social ethics will — rightfully — induce public outcry, if not a
riot  [255] [256] [254] [252] [18] [257] [232] [234] [239] [240] [235] [264] [265] [266] [20]
[259] [28] [52] [14] [8] [43] [213] [269] [11] [224] [234] [214]. While such boundaries present
a metaphoric doubled edged sword, since on one hand, if the intended research is inher-
ently beneficial and, for the most part truly ethically benign, but society is not sufficiently
intellectually advanced enough to understand that research, an example exemplified by
the correlation between Mary Shelly’s book Frankenstein and — Luigi Galvani’s nephew
— Giovanni Aldini’s public electrical experimentation with human cadavers that resulted
in the development of a profound social stigma of bioelectrical research in the eighteenth
century, then such socially imposed ethical boundaries are more of a hindrance to the
progression of intellectual advancement than beneficial; However, on the other hand, if
the intended research, even if it promises to provide beneficial results, is considered to be
socially unethical over a lengthy period of time and heavily diverges from the sentiment
do no harm, an example exemplified by some of the world war two scientific atrocities
conducted by the Nazi doctor Josef Mengele — atrocities so horrible that, after the war,
his actions were, in part, responsible for the creation of a code of scientific ethics, outlined
within the Nuremberg code, that paved the way for modern biomedical ethical guidelines —

then such research, regardless of any possible benefit, should be neither conducted nor aca-
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demically condoned [255] [256] [254] [252] [18] [257] [232] [234] [239] [240] [235] [264] [265]

[266] [20] [259] [28] [52] [14] [8] [43] [213] [269] [11] [224] [234] [214] [99] [270] [271] [272] [273].

3.3.3 Interdisciplinary Research and Intra-disciplinary Opinion

While such attributes — referring to, once again, the previous discussion regarding the
metaphysical nature of the biomedical research area, the social problems encountered, and
the scientific cultures that have developed as a result — have provided a solid real-world de-
piction of the many interdisciplinary challenges faced by contemporary researchers working
within this area [29] [15] [49] [14] [8] [43] [227]. Nevertheless, while a number of different in-
terdisciplinary perspectives and considerations were provided — along with the occasional
intra-disciplinary concern —, yet, for the most part, the topic of intra-disciplinary relations
was, by and large, generally ignored [227] [257] [31] [162] [200] [115]. Therefore, with this
being said, it now seems prudent to examine the effects intra-disciplinary interactions can
have within interdisciplinary research in order to provide a metaphoric complete picture
of the numerous metaphysical challenges being faced by researchers who choose to work
within an interdisciplinary environment [227] [257] [31] [162] [200] [115].

To begin such a discussion, it is important to reiterate that, for the most part, re-
searchers who have chosen to work within an interdisciplinary research area — like the
biomedical and bioelectrical research area — were not explicitly trained — as in pos-
sessing a degree explicitly stating, for example, bioelectrical engineer — to work within
this particular area and, as a result, these researchers ultimately have a metaphoric point
of academic origin — for example, a bioelectrical researcher might possess a degree in
electrical engineering and, at least amongst other electrical engineers, still be consid-
ered, first and foremost, as an electrical engineer rather than a bioelectrical engineer

227] [257] [31] [162] [200] [115] [213] [222] [65] [229] [173] [231] [257]. Likewise, the in-
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herent existence of this metaphoric point of academic origin has a tendency to create some
interesting interdisciplinary dynamics upon the introduction of intra-disciplinary interac-
tions — as in the introduction of interactions between an interdisciplinary researcher and
the researchers discipline of academic origin — and such interactions, like the many interdis-
ciplinary problems previously discussed, can be extremely problematic if left unaddressed
[227] [257] [31] [162] [200] [115] [213] [222] [65] [229] [173] [231] [257]. Conversely, to explore
such attributes further, consider for the moment the, previously discussed, concept of sci-
entific cultures and the discussion that arose regarding the manifestation of something best
described as being disciplinary common knowledge found within each isolatable scientific
culture [239] [254] [252] [13] [49] [14] [8] [43] [227].

While the problems associated with the occurrence of scientific common knowl-
edge were addressed within the scientific cultures section, at least from the
perspective of interactions between unrelated disciplines; however, this particu-
lar discussion did not incorporate interactions between an interdisciplinary re-
searcher — well-versed in such differences — and an intra-disciplinary researcher
who is not [227] [257] [31] [162] [200] [115] [213] [222] [65] [229] [173]
[231] [239] [254] [252] [13] [49] [14] [8] [43]. Thus, upon considering such sce-
narios, it is possible to presumed that, because a well-versed interdisciplinary re-
searcher is involved, no significant interdisciplinary communication problems would —
or for that matter could — arise since, after all, a well-versed interdisciplinary re-
searcher would have both the ability to foresee and compensate for any problems
that might naturally arise [227] [257] [31] [162] [200] [115] [213] [222] [65] [229]
[173] [231] [239] [254] [252] [13] [49] [14] [8] [43]. Yet such assumptions, while being both

fundamentally sound and seemingly correct, fail to incorporate the intellectual and emo-
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tional burden being placed upon the interdisciplinary researcher — as the responsibility of
cultural translation is being extensively placed upon the interdisciplinary researcher — and
such burdens, particularly after significant repetition over an extended period of time, tend
to metaphorically brew malcontent — if not full-blown resentment — of such interactions,
and such tendencies can manifest themselves negatively in a number of observable ways
[20] [7] [206] [229] [244] [241] [274] [227] [257] [70] [162] [19] [14] [8] [43].

For starters, because the initial manifestation of malcontent — and the progressive
path towards resentment — is, at least at its initial onset, typically a reasonably slow
process — although other factors can modify the rate of manifestation —, thus making
it extremely difficult to provide a definitive step-by-step prognosis and systematic depic-
tion of every individual manifestation; nevertheless, one possible manifestation of this par-
ticular occurrence — although variations and deviations are expected — begins initially
with the presentation of an interdisciplinary concept in a highly contextualized manner
— specifically geared towards the discipline of origin — that is ultimately conveyed in
more or less contextualized detail depending upon the effectiveness of the communication
as time progresses [275] [276] [277] [20] [7] [206] [229] [244] [241] [274] [227] [257] [70]
[162] [19] [14] [8] [43]. While such attributes, at least at first, appear relatively reason-
able and straightforward; however, during this process a communicational bias is being
innately created — based upon the contextualization level necessitated to provide effective
communication — and such biases, consequently, tend to set the precedent — or tone —
for future intra-disciplinary interactions [19] [256] [255] [70] [14] [8] [43] [276] [173]. Now,
with this being said, one might be tempted to proposed that the manifestation of a com-
munication bias is both natural and beneficial, as repetition has a tendency to promote

efficiency, yet such efficiency comes at the price of assumption and the frequent utiliza-
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tion of such assumptions can become problematic if rigidly adhered and overly applied
[275] [276] [277] [20] [7] [206] [229] [244] [241] [274] [227] [257] [70] [162] [19] [14] [8] [43].
For example, the rigid utilization of such assumptions does not account for — or for that
matter permit — contextual advancement — or the intra-disciplinary researcher expand-
ing their contextual understanding of the interdisciplinary perspective — and although
the ideas being communicated between the two could be presented in a more interdisci-
plinary context as time progresses — as opposed to the previously assumed context —
such changes never occur and such contextual stagnation results in the interdisciplinary
researcher becoming irritated at having to constantly contextualize — or metaphorically
down-sample — information while the intra-disciplinary researcher becomes irritated at
being consistently demeaned — by the consistent contextualization — whether such de-
meaning was intentional or not [275] [276] [277] [20] [7] [206] [229] [244] [241] [274] [227] [257]
[70] [162] [19] [14] [8] [43] [278].

Conversely, while this particular example articulates the notion of intra-disciplinary
contextual advancement, such scenarios are neither strictly explicit nor are always ex-
pected since — although ideally, progressive intellectual advancement should be at
the heart of an academic researchers internal core — often times such advancements
never occur, either because of a lack of motivation that originates from the, previ-
ously mentioned contextual demeaning — so much so, that any concern for the sub-
ject is eventually negated, thus avoided —, or simply a lack of general interest in
the subject — an attribute that is both perfectly acceptable and completely human
[227] [257] [31] [162] [200] [115] [213] [222] [65] [229] [173] [231] [239] [254] [252] [13] [49]
[14] [8] [43]. While the occurrence of either scenario is extremely detrimental to future

interdisciplinary communication, although the former rationale — if identified quickly —
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can be compensated for — through adjustment of the method of contextualization —, but
the latter rationale is generally beyond improvement since, after all, it is one thing to lead
a scientist to a metaphoric pool of knowledge, but quite another to make that scientist
drink from that pool; nevertheless, either scenario can result in the development of a neg-
ative opinion of the interdisciplinary research being conveyed and alternatively, taint any
future interactions with a particular intra-disciplinary discipline by the interdisciplinary re-
searcher [227] [257] [31] [162] [200] [115] [213] [222] [65] [229] [173] [231] [239] [254] [252] [13]
[49] [14] [8] [43] [92, p.776]. Consequently, as it might be expected, the manifesta-
tion of such characteristics — although, once again, such manifestations were based
upon a particular sequence of events that can manifest differently — can not only
provide the necessary catalyst to promote malcontent that — over a period of time
— can also yield the, previously mentioned, intra-disciplinary resentment, but also
such occurrences, — particularly when future contextual advancement is hampered
by a lack of overall interest — can invoke feelings of either superiority — in cases
where the lack of interest, by the intra-disciplinary researcher, is assumed to be be-
cause of an inability to understand the presented interdisciplinary concepts — or feel-
ings of inferiority — in cases where the lack of interest, by the intra-disciplinary re-
searcher, is assumed to be because of conceptual triviality of the concepts being pre-
sented [227] [257] [31] [162] [200] [115] [213] [222] [65] [229] [173] [231] [239] [254] [252]
18] [49) [14] [8] [43).

Likewise, while the opinionated development of such attributes — superiority
or inferiority —, at least by textbook standards, should have no significant effect
upon the application of the scientific methodology, and thus should play no role in

the overall development of interdisciplinary research, — or for that matter, hinder
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intra-disciplinary communications —; however, in all actuality, scientific communica-
tion and the scientific methodology — while generally striving to remove all meta-
physical obscurities — can never completely manifest itself within reality without

some ingrained metaphysical attributes present, and such ingrained metaphysical at-
tributes ultimately play a role in defining a researchers ability to both develop and
convey research effectively  [227] [257] [31] [162] [200] [115] [213] [222] [65] [229]
[173] [231] [239] [254] [252] [13] [49] [14] [8] [43] [11]. While such notions, like many of
the concepts presented within this chapter, are, to some extent, difficult for a scientifically
indoctrinated mind to accept at face value and rightfully so, yet such attribute should not be
discredited outright without some thought since, after all, the outright exclusion of such no-
tions supports the notion of intra-disciplinary pretenses and further demonstrates a possible
effect of malcontent and resentment. Conversely, with this being said, because interdisci-
plinary interactions are far from being ideal, it seems natural to speculate that any intra-
disciplinary developed predispositions — like superiority or inferiority for example — can
in turn, not only hinder intra-disciplinary communication but also hinder the development
of interdisciplinary research, since the effective collaboration of ideas amongst disciplines is
critical to further scientific advancement [227] [257] [31] [162] [200] [115] [213] [222] [65] [229]
[173] [231] [239] [254] [252] [13] [49] [14] [8] [43] [11].

Conversely, To elaborate on this attribute further, in the case of presumed superiority,
interdisciplinary interactions and research alike are overlooked because they are viewed
to be trivial and irrelevant; while, in the case of presumed inferiority, such interactions
are also avoided — not because they are viewed as being trivial or irrelevant — but be-
cause such interactions generally result in the development of internal feelings of losing

personal prestige or a desire to place no inconvenience upon a fellow researcher through
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the perceived conveyance of trivial interdisciplinary concepts — that are, more often than
not, not trivial [227] [257] [31] [162] [200] [115] [213] [222] [65] [229] [173] [231] [239]
[254] [252] [13] [49] [14] [8] [43] [11]. Nevertheless, while either scenario — su-
periority or inferiority — are generally considered to be extreme consequences of
such contextualization, as both scenarios can only potentially develop after a signifi-
cant amount of time has passed in relation to a substantial number of negative in-
teractions since, after all, the inescapable dynamics of humanity are clearly domi-
nant; yet, while such occurrences are ultimately the product of intra-disciplinary or
peer interactions — for better or worse —, it is important to recognize that such
interactions are generally inevitable, especially within scientific research, and thus
such occurrences are to be expected [227] [257] [31] [162] [200] [115] [213] [222]
[65] [229] [173] [231] [239] [254] [252] [13] [49] [14] [8] [43] [269].

Likewise, with this being said, while there are a number of metaphysical dynamics
— some of which were previously discussed within this chapter — that should be taken
under advisement prior to attempting to become involved with interdisciplinary research
topics; however — the concept best conveyed within this particular section is — before
beginning such an in-depth undertaking it is important to, first and foremost, “nosce te
ipsum” ' followed closely by learning the nature of scientific humility — depicted within
Pascal’s writings — since the process of knowing oneself should help aid in the identifi-
cation — and possible correction — of any personally ingrained contextual irrationalities,
while, at the same time, nurturing scientific humility within can, not only aid in the iden-
tification of contextual biases but also help overcome — or at the very least help mend

— other researchers contextual biases — once again, in this particular case, developed

' Latin for: Know thyself
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as a result of intra-disciplinary interactions — since, humility — with a touch of rigid
stability — can go a long way in changing contextual perceptions, if given enough time

279, p.576] [227] [257] [31] [162] [200] [115] [213] [222] [65] [229] [173] [231] [239] [254] [252]

[13] [49] [14] [8] [43] [269] [216].



CHAPTER 4: HISTORICAL HERITAGE

The historical development of the bioelectrical research area is — to put it mildly —
a substantially vast subject, and depending upon the historical boundaries selected, will
likely begin with the presentation of circa 1900 “Anno Domini” ' or circa 600’s “Ante
Christum” t* material — although the occasional circa 1800’s, 1700’s, and 1600’s starting
points are utilized depending upon what historical events the presenter deems relevant
[78, pp.24-25, p.127]. Nevertheless, while the existence of such a lengthy scientific heritage
is, in itself, an extremely profound observation — in fact, it could be argued that all
scientific disciplines fundamentally arise from the study of bioelectrical and biomedical
phenomena —; however, given the amount of philosophical discussion already provided
and the isolation of core background concepts into a unique chapter, it seems appropriate
to briefly discuss the subjects ancient heritage, followed shortly by a minor summary of the
biomedical related events that occurred within the circa 1600’s to 1800’s — implying that
a slight gap in the historical discussion provided will exist between the fall of Rome and
the circa 1600’s — prior to concluding with an overview of the current state of bioelectrical
affairs.

Likewise, with this being said, while much of the information surrounding the beginnings
of the bioelectrical research area has been — as it might be expected — metaphorically
lost in the ebb of time; however, based upon the information that did survive, it appears

that the fundamental theories that sparked this particular subject seem to have originated

' Latin phrase for: in the year of our Lord — commonly abbreviated as A.D. or interculturally defined
as C.E.
¥ Latin phrase for: Before Christ — commonly abbreviated as B.C. or interculturally defined as B.C.E.
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— in part — from the ancient Greek philosopher Thales who lived somewhere between 625
to 547 Ante Christum [78, pp.24-25] [129, p.11]. While it is worth mentioning that this
particular piece of information is only known because it was written within the writings of
another Greek philosopher — Diogenes Laertius — who lived around 200 Anno Domini —
note the substantial general gap between the two philosophers — Laertius’ writings seem to
indicate that Thales wrote two books — sadly neither survived the test of time — that, by
some accounts, seem to have contained Thales” written observations regarding electrostatic
and magnetic phenomena [78, pp.24-25] [280, p.121] [281, p.14].

While, all that remains of Thales’ observations —- regarding, once again, electrical phe-
nomena — seems to primarily arise from secondhand accounts — likely obtained by reading
his now defunct book — were predominately reiterated within the writings of Aristotle —
yet another Greek philosopher who lived around 384 Ante Christum —; however, based
upon the frequent reference to Thales’s work by Aristotle, Laertius, and a few other Greek
philosophers of the era, it seems likely that Thales’ observations were some of the first ever
written on the subject — excluding for the moment the possible Egyptian electric catfish
hieroglyphic [78, pp.24-25] [280, p.55] [281, p.15] [48].

Nevertheless, Diogenes wrote — in his written historical accounts — that Thales seem to
enjoy speculating about the underlying nature of the electrical phenomena he observed upon
rubbing animal skin against amber, and the phenomena he observed when a magnet was
placed near iron — now called electrostatic and electromagnetic phenomena respectively
[281, p.15]. Likewise, while Diogenes’ historical accounts — again regarding Thales —
are also somewhat substantiated within Aristotle’s — who was the ancient equivalent of a

modern day blogger — writings, in which Aristotle recounts Thales proposing that magnets
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might have an “anima” ' because of the phenomenas ability to attract iron — movement
was equated with life within this era — [281, p.15] [47, p.405a—15]. While it should be
noted that Thales did seem to believe — based upon the writing’s of Diogenes and Aristotle
— that a “anima”, soul, or life force, had the ability to produce a motive force, thus making
it logical for him to conclude that a magnet was alive and had a soul because of its ability
to attract iron [47, p.405a—15]; yet, based upon such documented observations, it could be
proposed that Thales would have also held a similar belief surrounding his observations of
electrostatically charged amber; although, the translated works of Aristotle, upon further
consultation, neglect to make any mention of this particular attribute [47, p.405a—15].
While the lack of written discussion by Aristotle on this topic is unfortunate, since it would
help strengthen Diogenes historical recount; however, it is also quite possible that Aristotle
did in fact mention Thales views — on this subject — but such details were simply lost
over the years or during the translation of his works [281, p.15] [47, p405a—15] [282].
Nevertheless, while it might be somewhat unclear as to why Thales is important enough
to mention in an historical discussion regarding bioelectrical signal acquisition — other than
to illustrate the subjective view that Thales might have been the first person to openly dis-
cuss observing magnetic and electrostatic phenomena — especially since — from a modern
scientific perspective — it could have been equally augured that it would have been far
more efficient to casually state that Thales may have discovered electricity, though no direct
evidence exist to affirm such a statement, and simply move to the next historical milestone;
however, Thales’ electromagnetic observations, while important, are not necessarily critical
when compared to the philosophical questions he proposed and there ramifications upon

the historical development of electromagnetic research that occurred after his time. To

' Latin for: Soul
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explain this point further, it is first necessary to neglect any theological attributes that
Thales might have invoked and consider how his statement regarding the origin of the soul
directed scientific research during his time. Conversely, because It is clear within Aristotle’s
writings that the philosophers of the day had a fundamental desire to understand what life
was and why it existed, hence their desire to define the soul, this in turn resulted in their
investigation of subjects related to these fundamental questions [47, p.405a—15|. Likewise,
it is clear throughout Aristotle’s De Anima that the various philosophers of the day ex-
plored these fundamental questions thru an iterative process of proposition, discussion and
rebuttal which resulted in the creation of a lengthy list of what the soul was not but never
what the soul was [47, 402b-435b] [78, pp.24-25, p.66].

While philosophers, even in this day in age still debate these topics, primarily because
the answers to such questions are inherently open-ended, it is important to observe that
it is not the answer to such questions that is important but it is the act of trying to
answer such questions which paved the way for the development of bioelectrical signal
acquisition theory. To illustrate this point, consider how Aristotle’s desire to understand
the true nature of the soul, one such account is documented in his book Historia Animalium,
resulted in Aristotle studying various animals from a scientific perspective and creating a
detail list of his observations [283] [78, pp.24-25, p.107]. Although Aristotle was never
able to definitively define what the soul was, his writings recollecting the attempt were
beneficial to the advancement of many scientific subjects and were important to the topic
of bioelectrical signal acquisition thru his recollection regarding the torpedo fish in Historia
Animalium [283, p.620b].

The torpedo fish, as Aristotle recounts in Historia Animalium, is able to narcotize prey

using the power of electric shock, though it should be noted that while the Greeks did have
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some knowledge surrounding electrical phenomena there is no evidence to suggest that
they either comprehended the phenomena or made the connection between the torpedo’s
shock and the electromagnetic phenomena observed during their day [283, p.620b] [47,
pp.402b—435b]. While it is very interesting to see Aristotle mention the torpedo during his
exploration of the soul, he was not the only philosopher from ancient times to take note of
the unusual electrical properties of the torpedo as observed by its usage in Plato’s dialogue
Meno which was written around 390 Ante Christum [284, p.12] [78, pp.24-25]. Upon
examining the metaphoric usage of the torpedo within Plato’s Meno seems to imply that a
common knowledge about the torpedo’s unusual numbing properties was well established
long before Aristotle’s writings on the subject [284, pp.12-13]. Additional supporting
evidence of this statement is found within Hippocrates” Hippocratis Corpus which discusses
the dietary value of the torpedo’s soft skin for the treatment of internal diseases yet neglects
to mention any numbing properties of the torpedo’s shock [285, p.124] [286] [287, pp.151—
178].

While Hippocrates lack of description about the electrical nature of the torpedo is
somewhat peculiar, it is reasonable to assume that the ancient Greeks did eat the torpedo
on occasion and thus fishermen during this time had to have known about the numbing
properties of the fish upon catching them [285, p.124] [286] [287, pp.151-178]. One possible
explanation for Hippocrates silence on the electrical nature of the torpedo could have been
because this numbing property was so widely known it was not worth mentioning within his
writings though there is no definitive evidence to support this theory [285, p.124] [286] [287,
pp.151-178]. While it is clear that the ancient Greeks did have knowledge of the electric
fish, it is speculated that they were not the first ancient culture to have possessed such

knowledge and this speculation is supported by Egyptian hieroglyphs that date back to
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approximately 3000 Ante Christum that are assumed to depict the electric catfish of the

Nile [78, pp.24-25] [48, pp.19-28] [129, p.11]. However, this evidence is somewhat unclear
because of the unknown nature of old Egyptian hieroglyphs which differ from middle and
late Egyptian hieroglyphs because of linguistic revisions to the language that occurred
around 2100 Ante Christum [78, pp.24-25] [48, pp.19-28] [288, p.1]. What is known for
sure is that an old Egyptian hieroglyph was used to represent the name of the Egyptian
pharaoh Narmer and within this hieroglyph there is a picture of a fish that closely resembles
the electric catfish of the Nile thus yielding the source of scholarly speculation on the subject
(48, pp.19-28] [288, p.1, p.9-11]. Although Narmer’s hieroglyph could potentially be the
first written word depicting the Egyptian electric catfish additional depictions of the fish are
found on the walls of Egyptian tombs that have been verified to have been created before
the writings of the Greek philosophers but after the time of Narmer [48, pp.19-28] [288, p.1,
pp.9-11] [129, p.11] [286].

Even though the historical importance of both the torpedo fish and the electric catfish
is not yet visible to the development of bioelectrical signal acquisition, a few morsels of
modern history must be introduced in order to fully understand why the discovery of the
electric fish was so important to the overall advancement of the subject. To elaborate
further, it is known from the historical information provided above that the philosophers
of the day had no formal knowledge of electrical phenomena, thus it is relatively straight
forward to come to the conclusion that those philosophers were completely unaware of the
electrical nature of these fish beyond their firsthand experience with the fish’s power to
numb [283, p.620b] [47, pp.402b—435b]. While those philosophers could not understand
the nature of the electric fish, modern electrical theory has illuminated the subject and

has revealed that the torpedo fish, depending upon the species, is capable of producing
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an electrical potential between 45V to 220V while the electric catfish, depending upon the

species, is capable of producing an electrical potential of around 350V [289] [286] [290,
p.814]. Furthermore, research into this subject has also revealed that the torpedo fish,
which is native to salt water, can produce an average short circuit current on the order of
4A while the electric catfish, which is native to fresh water, has not been studied in enough
detail to provide a definitive value for their average short circuit current [291, pp.1025—
1038] [292] [293] [294] [295].

While it is unfortunate that a value cannot be given to illustrate the average short
circuit current capabilities of the electric catfish, it should not be assumed that no research
has been done on the subject since there are many scientific publications available that have
researched the catfish’s, along with the torpedo’s, physiological structure, electrical response
to external stimulation, and ability to communicate with electrical impulses [290, pp.813-
831] [296] [297] [298] [299]. While definitive values of the average short circuit current are
unavailable for the electric catfish it has been found that the electric catfish along with the
electric eel are very similar in both there electrical organ structure and in their ability to
supply a constant voltage independent of loading because of their higher internal resistance
[289] [300] [301] [302]. Based upon the electric eels ability to produce a 600V at 1A pulse
it can be reasonably assumed that the electric catfish is capable of sourcing a similar
amount of current despite the lack of definitive information on the subject [293]. With
this in mind, a critical concept to take away from this modern analysis is the potentially
hazardous electrical conditions that an electric fish can possibly induce upon contact, such
injuries include minor to severe skin burns and the possibility of ventricular fibrillation of
the heart [123] [124] [121] [303]. While the occurrence of a fish induced electrical injury

is, for the most part, uncommon yet rationally understood in modern times; however, the
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occurrence of such an injury during ancient times, though rare, was oftentimes attributed to
be the work of divine intervention as illustrated by a Greek passage, written by Diodorus
Siculus, which describes the death of a young man swimming in a Babylonia lake who
drown as the result of a torpedo sting [285, p.122].

Taking a moment to reflect upon all of the information presented above, it becomes clear
that early observations of electromagnetic and bioelectrical phenomenon resulted in the
minds of ancient scholars being filled with numerous unanswered questions. Such questions,
like those addressed throughout Aristotle’s writings, set the foundation upon which all
electrical theory is built and more importantly set the environment for the philosophical
exploration of what it means to be alive [283, 620b] [47, pp.402b—435b]. These questions,
at face value, might appear to be inconsequential to the development of bioelectrical signal
acquisition theory, yet upon deeper exploration are found to be essential to the overall
development of the subject. It is reasonable to assume that observations of birth and
death during ancient times most likely caused some initial inquiry into the nature of life,
similarly, it can also be reasoned based upon topics that arise in our own time, that when the
unexpected is experienced it causes profound confusion as well as the desire for immediate
rationalization of the experienced event [304, pp.17-61]. Thus it could be reasoned that the
ancient’s initial encounter with the electric fish, especially fish related deaths, resulted in
many questions regarding the fundamental nature behind both the fishes’ electrical abilities
along with its purpose in nature. Furthermore, the ancients’ interaction with magnetic and
electrostatic phenomenon also resulted in the formulation of similar questions regarding
the phenomenon’s purpose and nature [285, p.122]. These questions, in turn, resulted in
debate amongst ancient scholars who, attempted to rationalize such observations, though

it should be noted that they were unable to do so. However, the ancient scholars’ inability
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to explain such phenomena did not diminish their desire to gain understanding of the
subject, which is seen throughout their writings, and ultimately it was this unyielding desire
that inspired future scientists to correctly answer such underlying questions surrounding
electricity [129, pp.11-27].

With the introduction of an unyielding desire to obtain understanding, complements of
the ancient philosophers of the early Ante Christum era, resulted in an unfortunate mis-
adventure into the depths of superstition caused by the development of new philosophical
ideologies that resulted in the cementation of Hippocrates’ views along with ideological
changes that occurred as a result of the volatile political climate that notably features the
conquests of Alexander the Great and the Rise of the Roman Empire [51, pp.182-188] [78,
pp-24-25] [285, p.127] [138, pp.13-26] [53, pp.1-4]. One critical concept to observe through-
out this time is the migration away from the selective intellectual conglomeration to the
dissemination of conglomerated ideologies. Furthermore the broad scope of philosophical
enquiries, which was the norm throughout early Greek times, was distorted by refinements
in dialog towards topics that have practical importance to the inner workings of Roman
society [51, pp.183-185] [53, pp.3—-6]. Despite this progressive decline of intellectual di-
versification within the sciences during this time, Lucretius, a poet that lived between 95
Ante Christum to 55 Ante Christum, stands out amongst this period as a reviving dabble
of early Greek ideologies thru discussions regarding the finite nature of matter, also called
atomic conception, which can be summarized by the concept that matter is inherently finite
thus the atom is the smallest quantity of all matter [305, p.1] [78, pp.24-25] [53, pp.5—7]
. While the notion of a fundamental unit, such as the atom, was a concept that had been
taught as far back as 450 Ante Christum by Leucippus, an ideology that was opposed by

Aristotle’s belief in the continuity of matter, Lucretius so profoundly wrote that “Nothing
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is ever gotten out of nothing by divine power”, everything occurs in “determinate units”,
and “Things cannot then ever be turned to naught” [306, p.3] [53, pp.5-7| [78, pp.24-25].

Lucretius’ writings, which at first appear to predict modern atomic theory along with the
laws of conservation, are obviously premature in their development because, while the early
Greeks did have a knowledgeable insight into the fundamental nature of the world, they
had no definitive ability to validate such insight nor the scientific expertise to understand
the result of such validation [306, p.3] [53, pp.5-7]. Thus this early atomic conception
diverges from modern atomic theory by the ancients belief in variations in size and shape
of atoms along with the fact that the Aristotle ideology was dominantly promoted by
the intellectual dissemination that had begun within this time period [53, pp.5-7]. It is
unfortunate that the ideologies of Leucippus or Lucretius were buried amongst the chaos of
the resulting intellectual paradigm change that resulted in Aristotle’s philosophy, regarding
the continuity of matter, becoming the dominate ideology for centuries [53, pp.5-7]. It
is doubly unfortunate that Lucretius writings regarding pestilence, water-spouts, volcanos,
thunderbolts, suffocating vapors along with thunder and lightning also got buried because
of the intellectual change that occurred within this time period [53, pp.7-10] [306, pp.84—
85]. Such misfortunate events raise the question as to whether or not the embracement of
Lucretius ideologies, at this period in time, would have brought about the understanding
of the electrical nature of both electrostatic and bioelectrical phenomena sooner. However,
putting such fixations aside for the moment, while it is unfortunate that the suppression of
Lucretius ideologies did occur, it only delayed the inevitable since their ultimate rediscovery
helped to put some spark into the formalization of electrostatic phenomena and might have
helped in the development of modern atomic theory [53, pp.7-10].

While Lucretius’ philosophical writings were, in many ways, some of the last that ad-
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hered to the old Greek paradigm, this paradigm shifted progressively towards Roman

practicality and such paradigm changes are accented by the 46 Anno Domini writings
of Scribonius Largus who was both a Roman physician along with an avid follower of the
unscientific method [53, p.22] [78, pp.23-24] [285, p.127] [48, pp.45-46]. Largus’ criti-
cal contributions, within the context of this discussion, are his writings which describe
the usage of the torpedo fish as a medical cure for the treatment of headaches and gout
(285, p.127] [48, pp.45-46] [287, p.153] [129, p.11]. Largus’ treatment represents a sig-
nificant change in the medical usage of the torpedo, upon comparison to the treatments
prescribed by Hippocrates for troubles in the digestion track, because of the utilization of
the torpedo’s numbing power that gracefully illustrates a classic hallmark of the Roman
paradigm to implement rather than to understand [285, p.127] [48, p.45-46] [53, p.22].
While Largus’ medical usage of the torpedo is quite notable, not all prescribed remedies
applied during this time were based upon scientific reasoning as illustrated throughout the
various folk medicines which are best highlighted by the usage of a torpedo’s gall as a
aphrodisiac and the electric catfish charm that supposedly would induce inseparable desire
between newlyweds [285, pp.128-129).

While the transition away from the mysticism that developed during this period of time
was a profound step forward, such philosophical changes did not occur quickly, which im-
plies that various folk medicines were still being commonly prescribed and such remedies,
within the scope of electric fishes, included using the torpedo’s gall as a aphrodisiac along
with the catfish as a ritualistic charm to induce inseparable desire [285, pp.128-129]. While
mysticism remained dominant throughout this time, a medical doctor born in 130 Anno
Domini by the name of Galen helped to further impart physical reason, within the medical

discipline, thru the documentation of various remedies in order to determine what remedies
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cured their prescribed ailment [78, pp.24-25] [138, p.41] [285, pp.131-133] [307, pp.118—

122] [286]. During Galen’s research Galen discovered that some confusion surrounding
Largus’ treatment, in particular the detail that the torpedo had to be alive was forgotten
over the years, and Galen, upon discovering this thru experimentation, formally docu-
mented Largus’ treatment as being valid along with the necessary conditions required in
its usage [138, p.41] [285, pp.131-133] [307, pp.118-122] [286]. While Galen’s contribution
helped to reduce the hold that mysticism had upon the medical discipline, some of his
underlying theories behind the torpedo’s numbing powers were incorrect, mostly because
of Galen’s belief in the four humours, which resulted in Galen deducing that application
of the frigorific principle would make it possible to extract the power of the torpedo and
store it for later use [138, pp.39-51] [285, pp.131-133] [307, pp.118-122, pp.142-144] [286]
[308, p.716]. Likewise, as it might be expected, the collapse of the Roman Empire — around
this period of time — signified the beginning of the Dark Ages and resulted in a lengthy
period of time in which the preservation of past traditions was status quo and resulted in
a long period of scientific stagnation as illustrated by the upholding of Galen’s ideas for
more than a thousand years [78, p.205] [286] [307, pp.187-191] [48, pp.64-84].
Conversely, while this particular period of time — the dark ages until around circa 1600
— is, for the most part, historically moot in terms of the development of bioelectrical theory,
the historical heritage of the subject seems to loosely begin again with William Gilberts
book — within the circa 1600’s — De Magnete, regarding lodestone and magnetic effects,
and progresses further — within the circa 1700’s — with the development of the electrostatic
generator and the leyden jar, along with a number of publicized electrostatic experiments
— the most interesting of which, arguably being, Benjamin Franklin attempting to shock a

turkey using electrostatic phenomena [16]. Likewise, further advancements were made by
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Luigi Galvani and Alessandro Volta — somewhere between the late 1700’s and early 1800’s

— surrounding electrochemical phenomenon, while the work of Michael Faraday — in the
1800’s — in many respects, paved the way for the majority of the bioelectrical research
done within contemporary times [16].

Similarly, in terms of contemporary biomedical milestones — from a highly selective
perspective — some notable contemporary achievements are: Du Bois-Raymond was able
to measure the electrical currents produced by frog nerves in circa 1843. Richard Caton
was able to acquire — though with low fidelity — currents produced by the brain in circa
1875. August Waller was able to obtain a human EKG in circa 1887. Rudolf Hoeber was
able to determine that a frequency dependency existed within the conductivity of blood
and postulated that cell membranes existed in circa 1911. The Cole brothers developed
methods of modeling tissue impedance beginning in circa 1928. Debye begun developing is
polar relaxation models around circa 1929. Schwan — considered by some as a founder of
the biomedical engineering discipline — began developing an assortment of material char-
acterization techniques, starting around circa 1950, that ultimately led to the development
of contemporary BIS characterization techniques [16].

Likewise, while, there are a substantial number of historically relevant events — notably
the work of legendary names like Hertz, Orsted, Maxwell, Einstein, Tesla, Webber, and
Ohm, to name a few —, along with an overwhelming amount of contemporary research
regarding EMG, EKG, EEG, and BIS that could be discussed within this chapter; however,
it was decided to address each of these attributes within there research related context as
needed, rather than simply listing the achievement in a chronological order, since such
theory is still actively utilized — and in some cases improved — rather than simply serving

as a notable historical reference [16].



CHAPTER 5: FUNDAMENTAL BACKGROUND THEORY

5.1 Electrical Engineering Fundamentals

In order to effectively analyze and create an accurate equivalent circuit model, par-
ticularly for a given atypically conductive biomaterial, an understanding of a number of
fundamental electrical concepts is required, of which, an in-depth understanding of elec-
trical impedance analysis is generally considered to be at the forefront of such discussion.
Conversely, with this being said, it is the underlying purpose of this particular chapter to
examine and present significant concepts, within this substantial pool of electrical knowl-
edge, that is required to effectively model a biomaterial and to explain the results obtain

throughout the research presented within this dissertation.

5.1.1 Overview of Electrical Fundamentals

Towards this end, because impedance analysis is, in fact, one of the most frequently
utilized electrical engineering concepts that is generally applied upon performing transient
analysis within an electrical circuit; this chapter makes the assumption that the reader
is either fluent in such techniques or, at the very least, is somewhat familiar with the
underlying fundamentals utilized within impedance analysis and, as such, only provides a
quick and limited review of the theoretical basics needed to accomplish this particular task.
Thus, with this being said, it should be noted that the original intent of this particular
chapter was to simply provide a reader, whose specialization might be inside the field of
electrical engineering, a place of theoretical reference, while at the same time, providing a

reader, who specialization might lie outside of the electrical engineering discipline, a brief
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introduction to the theory utilized while, at the same time, providing an assortment of
critical keywords to aid in future inquiry, if such inquiry is necessitated. Conversely, it is also
worth mentioning that this particular subsection within this chapter focuses primarily upon
the theoretical aspects of impedance analysis — a theoretical concept that is frequently

utilized within the confines of this dissertation.

5.1.2 Introduction to Electrical Analysis

To begin such a discussion, bioimpedances — excluding for the moment the nonlinear
properties that neither adhere to Ohm’s law, Kirchhoff’s current law (KCL), or Kirch-
hoff’s voltage law (KVL) — are, from a theoretical perspective, analogous to a traditional
electrical impedance, insofar as, such impedances have a number of fundamental electrical
characteristics that, when observed within a laboratory, can generally be mathematically
represented — to varying degrees of success — through the utilization of traditional electri-
cal engineering impedance modeling techniques. Thus, based upon this particular attribute,
it seems prevalent to begin examining such attributes by first examining the underlying
concepts found within impedance analysis [p.1][Grimnes2000]. Likewise, with this being
said, because a electrical impedance is generally formally defined as being the “ratio of the
phasor voltage V' to the phasor current 17, a concept that can be expressed mathematically
by Equation: (1), the examination of this particular definition would seem to be a solid

starting point [136, p.273].

V265
Z= 1265 (1)

Conversely, when the term impedance is utilized within a given application, it generally
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implies that there is some type of electrical storage element, within the material being
examined, that will inevitably manifest itself as a reactive element within the theoretical
model developed. Thus, loosely speaking, the introduction of a storage element or reactive
component — within the model — is generally associated with a temporal shift between the
observed voltage and the observed current — within the system being examined —, and the
test to determine if this particular attribute exist — within the material being examined —
typically utilizes an active source comparison between an appropriately selected alternating
current (AC) input signal versus the observed phase shift within the material. Likewise,
with this being said, the term impedance is oftentimes interchanged — if not confused
— with the term resistance, as both impedance and resistance are based upon Ohm’s
law — which states that “the woltage across a resistance is directly proportional to the
current flowing through it”, or expressed mathematically by Equation: (2); however, while
there are cases in which such substitution is merited, the fundamental difference, between a
resistance and a impedance, is the numbers found within there mathematical representation

136, p.15].

V=IR (2)

For example, impedances generally possess both a real and a imaginary numerical com-
ponent () — although the imaginary component could, in theory, be zero —, while a
resistance is assumed to possess only a real numerical component and — based upon this
definition — can never have an imaginary component. Thus, from a mathematical perspec-
tive, a resistance could, in theory, be written as an impedance without losing any mathe-

matical information; however, an impedance cannot be written as a resistance without the
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loss of the imaginary part that represents the phase shift observed. Therefore, with this

being said, the term resistance is generally utilized to represent quasi-static or direct cur-
rent (DC) electrical measurements that possess no phase shift, while the term impedance,
is generally utilized to represent quasi-transient or steady-state alternating current (AC)
electrical measurements. Conversely, now that the terms resistance and impedance have
been defined, the mathematical expression for this term, found through the mathematical
manipulation of Equation: (2), can be obtained by simply dividing both sides of the equa-
tion by the current I, as shown by Equation: (3) — in the case of a resistance — and by

Equation: (1) — in the case of an impedance.

~| <

5.1.3 Introduction to Impedances by Measuring Phase

Because an impedance can be thought of as a resistive value with a phase angle 6°
attached to it in order to preserve this imaginary component conceptually this attached
phase angle is defined as the angular difference between the voltage and the current which
is illustrated by Figure: (1) [263]. Generally measurements taken in the laboratory by
a oscilloscope are in this graphical form which makes understanding how to find phase
information graphically very important for analyzing experimental data throughout this
thesis.

The time difference (Az) which is illustrated by Figure: (1) needs to be converted into
a phase angle (6°) in order to obtain any meaningful impedance information and this can

be done easily if the applied signal is sinusoidal by the mathematical expression depicted
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_VV

Figure 1: visual representation of 6%

by Equation: (4) in which frequency f is the frequency of the applied sinusoidal signal.

2rA7 1
g%zw (4)

™

The mathematical conversion expressed by Equation: (4) can be derived by using the
following methodology. First, the measured signals are assumed to be of a sinusoidal form,
which can be represented mathematically by Equation: (5) in which angular frequency
w defines the period of oscillation while time (¢) represents a voltage or current location
being measured in the signal. A change to either angular frequency or period of oscillation
is illustrated by Figure: (2) and an additional parameter called phase shift 67 describes

how much the sinusoidal waves will be shifted to the left or right while such changes in
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phase values are illustrated by Figure: (3) [136, pp.266-267].

g (t) = sin (wt + 67) (5)

sin(wt),

\
Figure 2: graphical depiction of sine with w changed

sin(wt — 05),

Figure 3: graphical depiction of sine with 7 changed

Secondly, since it is assumed that the experimentally measured waveforms have a si-
nusoidal shape they can be equated to each other by the mathematical expression shown
in Equation: (6). Because both signals are periodic yet shifted in phase this implies that
at two points in time equal normalized amplitude values will occur such that the time
difference between these values will corresponds to a phase shift between the two signals

which allows the signals to be equated each other.



99

sin (wit1 + 0%,) = sin (wate + 05y) (6)

Thirdly, it can be assumed that because most passive impedance systems cannot change
either their input or output frequency the values of w; and we can be assumed to be
identical which is expressed mathematically by Equation: (7). Applying this assumption

to Equation: (6) results in the creation of Equation: (8).

W1 = W2 (7>

sin (wty + 07) = sin (wtg + 0,) (8)

At this point algebraic simplification can be applied and the inverse sine function can
be used on both sides of Equation: (8) shown by Equation: (9). This simplification will

result in the creation of Equation: (10).

sin~! [sin (wt + 07,) = sin (witg + 0] (9)

wtl + 621 = th + 9;2 (10)

Fourthly, typically when experimental measurements are taken the mathematical sinu-
soidal equation is generally unknown thus another assumption must be made about the
input phase angle of the applied signal. In order to keep the mathematics simple the

starting phase angle will be assumed to be zero which will allow the output phase angle
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to represent the angular phase difference between the two signals. This assumption is ex-
pressed mathematically by Equation: (11) and its application to Equation: (10) results in

the creation of Equation: (12).

21 = (11)

wt1 = wta + 0y (12)

Solving Equation: (12) for 6%, produces Equation: (14) and factoring w results in
Equation: (15). Since t; and t2 represent the time difference between the two normalized
amplitude values illustrated graphically by Figure: (1) this notation can be simplified by the
substitution of Az found in Equation: (13) into Equation: (15) which results in Equation:

(16).

t1 —ty = Ay (13)
wty — wte = 0%y (14)
w(ty — ta) = 0%, (15)
wAy = 0., (16)

Because w is expressed as angular frequency which has a base unit of radians per second
while most measurements taken experimentally are done in frequency whose base unit is in
Hertz a conversion from angular frequency to frequency will be required. This conversion
is mathematically expressed by Equation: (17) and once applied to Equation: (16) results

in the manifestation of Equation: (18) [136, pp.259-260)].
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w=2rf (17)

21 fAy = 07, (18)

At this point 07, represents a radian phase angle however, traditionally phase angles
are represented in degrees since it is conceptually easier for most people to visualize an
angle in degrees thus another conversion will have to be applied to Equation: (18). This
conversion is mathematically expressed by Equation: (19) and once applied to Equation:

(18) results in the formation of Equation: (12) [309, pp.186-187].

180
g° = —9" 1
° (19)
2nfAZ1
IS0 - g, (20)
m

Lastly, because it was assumed early on that 07, was equal to zero this in turn means
that 03, represents the phase difference between 63, and 63, thus 075 can be written as 6.
Substituting this change in notation into Equation: (20) produces Equation: (21) which
is the same expression shown in Equation: (4) and thus concludes the derivation of this

equation.

27 fA 4180

=07 21
22 = 0 (21)
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5.1.4 Explanation of Phase by Phasor Notation

When mathematically working with an impedance, two methods of representing the
impedance value exist. One such method is formally called phasor notation and represents
the impedance value in terms of a resistive magnitude and a phase angle. Phasor notation
is based off of the polar coordinate system in which there is a fixed point called a pole
that is located at the origin and a fixed ray called the polar axis. The origin is located at
the center of the real and imaginary axis while the ray starts at the origin and continues
outwards along the real positive axis. In the polar coordinate system points are defined
by a coordinate pair that consists of a directed distance r from the origin to a point and
an angle that starts at the polar axis and ends at the same point [309, pp.362-363]. This
polar coordinate system is depicted by Figure: (4) and an impedance phasor shown by

Equation: (22) is illustrated in Figure: (5) [309, pp.362-363] [136, pp.270-271].
Point

/ /6°

T

/ 0°
Pole Polf:r Axis

Figure 4: visual depiction of polar coordinates

7 = R/65

VL6
o I/63

(22)
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Figure 5: example of a impedance phasor depicted graphically

5.1.5 Representation by Rectangular Notation

Again, because two methods of representing an impedance value exist, the second
method is formally called rectangular notation and it represents numbers in terms of a
real and an imaginary component. Rectangular notation is based off the Cartesian coor-
dinate system in which two numbered lines, also called axes, are drawn perpendicular to
each other and intersect at a central point called the origin. The vertical axis is referred
to as the imaginary axis, while the horizontal axis is called the real axis. A point in the
rectangular system is defined by a set of real and imaginary numbers [309, pp.22-23].
While this rectangular notation concept is depicted in Figure: (6). The generalized form of
an impedance in rectangular notation can be mathematically represented byEquation: (23)
in which rectangular resistance R’ and reactance X represent the notational parameters

[136, pp.273-274].

Z=R +)X (23)
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(R, 9X)

e
Figure 6: example of a rectangular notation depicted graphically

5.1.6 Rectangular to Phasor and Phasor to Rectangular Conversion

Because each impedance notation has its own advantages, depending upon the math-
ematical operations being performed, transformations between notations are often times
required in mathematical computations. Typically phasor notation is used in mathematical
computations that require division or multiplication, while rectangular notation is used in
computations that require addition or subtraction. In order to convert a impedance from
phasor notation to rectangular notation Equation: (24) and Equation: (25) can be sub-
stituted into Equation: (23) which will result in the creation of the phasor to rectangular

transformation that can be expressed formally by Equation: (26) [136, pp.273-274].

R' = Rcos(0%) (24)
X = Rsin(6%) (25)
Z = Rcos(0%) + jRsin(0%) (26)

Likewise, an impedance in rectangular notation can be converted to phasor notation by
substituting Equation: (27) and Equation: (28) into RZ6% which will result in the creation

of the rectangular to phasor transformation that can be expressed formally by Equation:
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(29) [136, pp.273-274].

R=/[R) +[X]? (27)
6y = tan™! (});) (28)
Zugs, = IR + [X°Z tan™! (g) (29)

5.1.7 Interdisciplinary Research and Intra-disciplinary Opinion
One important concept that is embedded in impedance analysis is the ability to repre-
sent and model an impedance by passive components. This concept is important because it
allows the creation of equivalent circuit models for a given impedance based upon phase and
magnitude information obtained from experimental measurements. Typically impedances
can be modeled thru a combination of one or more of three available passive components

which include resistors R, capacitors C' and, inductors L.

5.1.8 Overview of Laplace Transformation

Since impedance analysis makes use of the Laplace transformation, some brief back-
ground needs to be discussed before reactive components can be examined. The definition
of the Laplace transformation, shown in Equation: (30), in which the complex frequency
s is defined by Equation: (31) allows for the transformation of a signal from the time do-
main to the complex frequency domain in order to solve a problem using algebra rather
than with differential equations. Typically, if a time domain result is required all of the
mathematics are performed in the Laplace domain and the inverse Laplace transformation,
shown in Equation: (32), is used to convert the result back to the time domain [136, p.497,

pp-500-502, p.520].
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L[f@)]=F(s)
_ /0 T ) et (30)
s =0, +Jw (31)
LTF(s)] = £ (1)
_ 2;7 /J JI:ZOF (s) el ds (32)

For most applications in impedance analysis the definition of both the Laplace trans-
formation shown by Equation: (30) and the inverse Laplace transformation shown by
Equation: (32) are generally never used to solve circuit problems because a lengthy table
of common Laplace and inverse Laplace transformations has been created which makes
taking a Laplace or inverse Laplace transformation a simple matter of looking at the table

for most circuit problems.

5.1.9 Impedance Theory of Resistors

As discussed earlier in this chapter a resistor is a device that has no phase shift associated
with it which in the case of a uniform conductor follows Ohms law expressed by Equation:
(2) or in a non-uniform conductor is found by the application of the potential difference
expressed by Equation: (33) divided by the current through the resistors surface expressed
by Equation: (34) which creates Equation: (35) [136, pp.15-16] [310, p.134, pp.163-164,
p.223]. Substituting current density J for electric field E shown by Equation: (36) will
produce Equation: (37) which is the resistance of a non-uniform conductor [136, pp.15—
16] [310, p.134, pp.163-164, p.223]. Resistors are symbolized in a circuit model by the

symbol shown in Figure: (7) and are thought of as a device that passively dissipate power
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by transforming it into heat [136, pp.16-17].

V= —/E-dIL (33)
I:j{J-dA (34)
_JE-dL
R= i (35)
J=0E (36)
_ JE-dL
"~ §oE-dA (37)
—AAN—

Figure 7: symbol for a resistor

Resistors exhibit two distinctive properties depending upon the topology they are used
in for a given circuit model. Resistors in series depicted by Figure: (8) can be combined
together to create a equivalent resistance thru the application of Equation: (38) while
resistors in parallel depicted by Figure: (9) can be combined together to create an equivalent

resistance thru the application of Figure: (39) [136, pp.28-31, p.35].

-

“AM—AM—AM—AA— —AAA—
Ry Ry, Ry Ry ™™ Ry

Figure 8: equivalent series resistance

Rr=Ri+Ro+---+ Ry (38)

?zl ?32 ?zg @: §RT

Figure 9: equivalent parallel resistance
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(39)

+ | —

Assuming for the moment a uniform conductor, a resistor from a DC steady state per-
spective can be modeled directly by Ohms law which creates a linear relationship between
current, voltage, and, resistance. A resistors from a DC transient or AC steady state per-
spective retain this same linear characteristic found at DC steady state and this fact is
clearly visible by observing the resistor’s Laplace transformation shown in Equation: (40)
as it implies that a resistor is functioning as a linear scalar [136, pp.28-31, p.35, p.497,

pp-500-502, p.520].

RE(t) & RF(s) (40)

5.1.10 Impedance Theory of Capacitors
A reactive component found in impedance analysis is a capacitor, which is symbolized
in a circuit model by the symbol shown in Figure: (10) [136, pp.159-162] [311, p.61,
pp.64-66]. Capacitance is defined as the measure of how easy it is for electrical flux ¥ to
propagate between conductive plates and can be described as the ability for the conductive
plates to hold an electrical charge @ at a particular voltage [136, pp.159-162] [311, p.61,

pp.64-66].

_H_

Figure 10: symbol for a capacitor

Generally speaking, in order to create a capacitor two or more conductive plates must
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exist and they must carry equal yet opposite charges. Such conditions implicitly imply
that all the electrical flux will leave the surface of one conducting plate of a capacitor and
terminate at the surface of another conducting plate [310, pp.124-125, pp.223-226]. Since
electric flux can be defined as the electric flux density D times the dot product of the
surface area A; which is mathematically expressed by Equation: (41) or correlated to the
electric field E thru a scaling value of the permittivity € by the substitution of Equation:
(42) into Equation: (41) results in electric flux being related to electric charge @ thru
the application of Gauss’s Law [310, pp.122-125] [133, pp.51-57]. Gauss’s Law which is
expressed mathematically by Equation: (43) requires the surface to be a closed surface
and equates the total flux from the system to the total enclosed charge [310, pp.122—

125 [133, pp.51-57].

Y= /D-dAs (41)
D=cE (42)
Q=Y

- f cE - dA, (43)

Since capacitance can be defined as the ratio of the magnitude of the charge on the
conductive plates to the potential difference between the plates this is expressed mathe-
matically by Equation: (44) or more formally by substituting elements from Equation: (43)

and Equation: (33) into Equation: (44) produces Equation: (45) [310, pp.223-226].
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Most capacitors that are model in impedance analysis are parallel plate capacitors,
which consist of two conducting plates that have some defined area W x L that is separated
electrically by a dielectric medium with a thickness T and permittivity e illustrated by
Figure: (11) [136, pp.159-162] [311, pp.74-78]. The structure of a parallel plate capacitor
simplifies Equation: (45) to Equation: (46) by making the assumption that electric field is

uniformed because the distance between the plates is very small [310, pp.223-226].

‘

Figure 11: physical structure of a parallel capacitor

(46)

Often tines when taking experimental bioimpedance measurements the value of ca-
pacitance for a biomaterial can be measured but generally the relative permittivity ¢, is
unknown. However, a relationship to solve for relative permittivity can be developed thru

the application of Equation: (45) since permittivity is defined by Equation: (47) substi-
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tution into Equation: (45) will produce Equation: (48) [310, pp.223-226]. Because the

permittivity of free space g¢ is known the capacitance of the biomaterial when the dielectric
permittivity is that of free space Cy can be calculated and this is expressed mathematically
by Equation: (49) [310, pp.223-226]. Division of Equation: (48) by Equation: (49) will
result in the creation of Equation: (50) which allows for a unknown relative permittivity of
a biomaterial to be found if its capacitance is known along with the area and the thickness

of the used parallel plate capacitor parameters [310, pp.223-226].

€ = g€ (47)
£re0h
= 4
c==2 (15)
0l g
Cy = OT (49)
C
60 =& (50)

Capacitors from an impedance analysis perspective exhibit two properties depending
upon the topology they are used in for a given circuit model. Capacitors in series depicted
by Figure: (12) can be combined together to create a equivalent capacitance thru the
application of Equation: (51) while capacitors in parallel depicted by Figure: (13) can
be combined together to create a equivalent capacitance thru the application of Equation:
(52) [136, pp.159-162, pp.172-174] [311, pp.74-78].

————— I
01 02 03 04 CT

Figure 12: equivalent series capacitance
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Cr= 1T (51)

%q%@l@%@::%ap

Figure 13: equivalent parallel capacitance

Cr=Ci+Cy+---+Chx (52)

Capacitors from a DC steady state perspective function as an electrical open circuit
because after long periods of time the capacitor charges up to the applied DC potential.
Capacitors from a DC transient perspective exhibit a different behavior that is described
for current flowing thru the capacitor by Equation: (53) and for the voltage across the

capacitor by Equation: (54) [136, pp.159-162].

dv
I = CE (53)

V:éﬁﬁmﬁ+m%) (54)

Capacitors from a AC steady state perspective are best analyze from the Laplace domain
and applying the Laplace transformation shown by Equation: (55) to Equation: (54)
results in the creation of Equation: (56). Mathematical manipulation can be applied to
Equation: (56) and will result in the creation of Equation: (57) which is commonly used

in impedance calculations [136, pp.159-162] [312, pp.453-454]. Comparing the voltage
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to current relationship for a capacitor illustrated by Figure: (14) it can be said that the

current leads the voltage or the voltage lags the current by 90° [136, pp.270-271].

F(s)

/ F(t)dt 5 : (55)
Vi =" (56)
V(s) 1
I(s) sC (57)

Figure 14: phase between current and voltage in a capacitor

5.1.11 Impedance Theory of Inductors

The last reactive component used in impedance analysis is an inductor, which is sym-

bolized in a circuit model by the symbol shown in Figure: (15) [136, pp.166-167].

—_—YY

Figure 15: symbol for a inductor

When current flowing thru a conductor produces a magnetic field B it also produces a
magnetic flux ® defined by Equation: (58) to occur at each turn of the conductor [310,
pp-336-337]. If more than one identical turn exists flux linkage A between the turns will
occur which can be expressed mathematically by Equation: (59) and in the event that the

medium surrounding the conductor is linear then this flux linkage produced will be propor-
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tional to the current that produced it which is expressed mathematically by Equation: (60)

[310, pp.336-337]. The proportionality consonant mathematically expressed by Equation:
(61) represents the inductance L of the conductor with N turns and the term inductor is

used to categorize any element that contains inductance [310, pp.336-337].

O = / B-dA (58)
A= N (59)
A= LI (60)
A
L=7
-2 (61)

From a bioimpedance standpoint inductance is an impedance analysis element that
is not observed when modeling a biomaterial but inductance is used in the modeling of
experimental apparatus such as electrodes and amplification circuitry that is attached to
the biomaterial.

Inductors from a DC steady state perspective function as an electrical short circuit
because after long periods of time the current stabilize and remains the same while inductors
from a DC transient perspective exhibit a different behavior that is described for current
flow thru the inductor by Equation: (62) and for voltage across the inductor by Equation:

(63) [136, pp.166-167).

I(t) = I(to) + i /ttl V() dt (62)
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di(t)
dt

V() =L (63)

Inductors from a AC steady state perspective are best analyzed from the Laplace domain
and applying the Laplace transformation shown by Equation: (64) to Equation: (63) results
in the creation of Equation: (65). Mathematical manipulation can be applied to Equation:
(65) and will result in the creation of Equation: (66) if 7(0) = 0 which is commonly used
in impedance calculations [312, pp.446-448] [136, pp.166-167]. Comparing the voltage
to current relationship for a capacitor illustrated by Figure: (16) it can be said that the

current lags the voltage or the voltage leads the current by 90° [136, pp.270-271].

G £ sF(s) — £(0) (64)
dt
V(s) = LsI(s) — I(0) (65)
ORI
T L (66)

Figure 16: phase between current and voltage in a inductor

Inductors from an impedance analysis perspective exhibit two properties depending

upon the topology they are used in for a given circuit model. Inductors in series depicted



116

by Figure: (17) can be combined together to create an equivalent inductance thru the
application of Equation: (67) while inductors in parallel depicted by Figure: (18) can be
combined together to create an equivalent inductance thru the application of Equation:

(68) [136, pp.166-167, pp.175-176].

-
— Y Y\ Y Y\ YYY\___YYY

L4 Lo L3 Ly > Ly

Figure 17: equivalent series inductance

Lr=11+Ls+---+ Ly (67)
Ly tLo §Ls §Ls 7 tLp

Figure 18: equivalent parallel inductance

T (68)

5.1.12 RLC Combination Impedance Theory
Because impedance analysis is traditionally performed by using steady state AC analy-
sis in which all circuit components are converted into the frequency domain by the Laplace
transformation this allows for two common circuit topology operations to occur when sim-
plifying a circuit’s impedance. When resistors, capacitors and inductors are represented in
frequency domain representation they can expressed symbolically as a impedance which is
symbolized in a circuit model by Figure: (19). Impedances in series depicted by Figure:

(20) can be combined together to create an equivalent Impedance thru the application
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of Equation: (69) while Impedances in parallel depicted by Figure: (21) can be com-

bined together to create an equivalent Impedances thru the application of Equation: (70)
[136, p.274]. This aspect of impedance analysis is important because all of the impedance
elements can be mathematically manipulated using a common methodology rather than an
array of different series and parallel combination rules shown earlier in the element analysis.

—
Figure 19: symbol for a impedance

— } { } { } { — — 1
7 Zs Zs 74 - Zr

Figure 20: equivalent series impedance

=21+ Zy+ -+ Zn (69)

ﬁ]zl QZQ ﬁ]zg ﬁ]a: ﬁ]zT

Figure 21: equivalent parallel impedance

1
Zr =

-1 1 1 (70)
ntmt ooty

5.1.13 RLC Resonance

One interesting phenomena that appears as a result of combination RLC theory is the
concept of circuit resonance. Resonance circuits in their most generic form come in both
series and parallel topologies both of which are illustrated by Figure: (22) and Figure: (23)

136, p.439].

In both topologies the underlying elements that make up a resonance circuit are resis-
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A L
L T°

Figure 22: series resonance circuit

Vs@ %R %C

Figure 23: parallel resonance circuit

L

tive, capacitive, and inductive elements that are combined together to create a purely real
component at some resonance frequency wp which when this case occurs the circuit is said
to be in resonance [136, p.440]. When a circuit is in resonance the voltage and current are
in phase with each other which implies that the phase angle observed is zero which funda-
mentally means the inductive and capacitive elements have canceled each other out leaving
only the resistive component of the impedance at the resonance frequency [136, p.440].
This cancellation effect is very attractive from a muscle stimulation perspective because
thru the introduction of an inductor in the stimulation circuit the capacitive impedance of
the bioimpedance can be removed which reduces the overall attenuation of the body and
allows for lower voltage stimulation.

To illustrate the concept of resonance mathematically if the series resonance circuit
shown in Figure: (22) is expressed by steady state AC impedance analysis shown by Equa-

tion: (71) then resonance will occur at Equation: (72) [136, pp.439-440].

1
Z(w) = R+ wlL + —— 71
(w) = R+ jwL + C (71)
L=~ (72)
Jok = JwC
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Since w in both equations has to be the same input frequency it can be solved for which
produces Equation: (73) and because this point is when the resonance frequency will occur
it can be rewritten as Equation: (74) [136, pp.440].

. il
Magnitude

Phase ‘ﬁi
u
Y

Figure 24: series resonance plot

|

The importance of this resonance frequency which can be clearly observed by Fig-
ure: (24) in which the voltage across the capacitor or in real life the bioimpedance is
shown over frequency and wy represents the maximum voltage point that will be across
the bioimpedance when the phase angle is zero because of cancellation of the capacitive

element by the introduction of an inductive element [136, pp.445].

5.2 Overview of Bioimpedances
A biological impedance or bioimpedance for short is simply an impedance measurement

of some type of biological or organic material that is often times called a biomaterial
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for short [16, pp.1-2]. Some common examples of biomaterials include plants, animals,
skin, blood, muscle, and an assortment of other materials related to organic life whether
it be living or dead [16, pp.1-2|. Bioimpedances have unique and diverse properties
because of their electrolytic and electrochemical nature, which allow them to exhibit both
linear and nonlinear characteristics depending upon the voltage the biomaterial is subjected
to [16, pp.1-2]. Since bioimpedance analysis, is based upon impedance analysis along
with biological and chemical theory it is important to understand the concepts of these

fundamental subjects before attempting to model a biomaterial.

5.3 Chemistry and Bioimpedances

The information discussed in impedance analysis is part of the fundamental knowledge
required to understand common circuit problems found in electrical engineering; however,
in the world of bioimpedance analysis this knowledge by itself in its current context is not
enough to make much headway when working with biomaterials alone. The reason behind
this lack of understanding that impedance analysis provides to the world of bioimpedance
analysis can be contributed to the fact that most systems found in electrical engineering
are assumed to have a certain set of electrical properties because a common set of materials
such as metals for example are traditionally used while biomaterials on the other hand have
a wide assortment of chemical compositions which as a result of this mixture of compounds
creates metaphoric foreign ground when trying to apply traditional impedance analysis
to the subject. It should be noted that this observation does not invalidate impedance
analysis but implies that special considerations from a chemical understanding of bioma-
terials needs to be examined prior to applying impedance analysis theory which is why the
fundamentals of chemistry needs to be explored in detail before attempting to model the

electrical characteristics of a biomaterial.



121
5.4 A Review of Basic Chemistry

The world upon which we live in can be thought of as being a collection of matter,
energy, and, empty space [313, p.3]. Chemistry is the science that deals with the study of
matter and how it interacts with its surrounding environment [313, p.3]. Such interactions
studied in chemistry can be classified into two possible categories one of which being a
chemical interaction in which matter is transformed into a chemically different substance
and the other type of classification being a physical change in which the physical appearance
changes but the composition remains the same [313, p.3] [132, p.10].

Matter in the general since can be define as a object of some size that is made up of
an assortment of atoms in which the atom is the smallest possible size matter can have
and still retain all of its chemical properties [313, p.3, pp.27-28, p.31]. Matter can be
classified further into two classifications the first classification being an element which is
defined as a substance that cannot be decomposed into a simpler substance and the second
classification being an chemical compound which is defined as a piece of matter that is
made up of two or more different types of elements that retain a unique chemical identity
(313, p.3, pp.27-28] [132, p.6]. In the event that elements or compounds are combined
together but the resulting combination causes no change in the chemical identity of any of
the components then the resulting substance is called an mixture which can be classified
as either being homogeneous meaning all parts of the mixture are uniformly distributed
throughout the substance or if the resulting mixture is randomly distributed then it is
called a heterogeneous mixture [313, pp.27-31] [132, p.6].

The fundamental difference between a chemical compound and a mixture is in the case
of a mixture physical separation can be used to separate the components of a mixture

into their individual elements or compounds while in a chemical compound the change is
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irreversible as it cannot be separated back into its individual elements by physical means
[313, p.28]. The process of organizing matter into different classifications can be illustrated

by the creation of a flowchart shown in Figure: (25).

Matter
Y
Physical .
B Separation Mixture
Y Y Y Y
Chemical C Homogeneous Heterogeneous
=~ Compound
Element Combination p Mixture Mixture

Figure 25: matter classification flowchart

The fundamental unit of matter which is called an atom is generally considered to be
made up of three main subatomic particles that consist of protons, electrons, and neutrons
[313, p.34]. Protons have a positive charge, electrons have a negative charge, and neutrons
have no charge at all [313, p.34]. Protons and neutrons are found bound together in a tight
cluster at the center of an atom which is also called the nucleus while electrons are found
some distance away from the nucleus in confined regions called principle energy levels that
are also referred to as electron shells or electron orbitals depending upon the atomic model
being used [313, p.34, p.44]. The conceptual structure of an atom can be illustrated by
Figure: (26).

The number of protons that an element has defines its chemical identity which is also
referred to as the atomic number which is how the periodic table of elements is organized
[132, p.43]. In order for an atom to have no net charge an equal number of electrons and
protons must exist in an electrically neutral atom [132, p.43]. However, this need for
electrical neutrality does not appear to be a primary factor when it comes to chemical

interactions between elements because energy levels appear to have a metaphoric desire to
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Electron Cloud

Figure 26: conceptual structure of an atom

obtain or lose a defined number of electrons in there valance electron shell in order to achieve
electrical stability which is more important than electrical neutrality from the perspective

of a single atom otherwise chemical reactions would not occur if electrical neutrality was

preferred [313, p.59].

5.4.1 Ionization and Bonding

The elemental ideology upon which chemistry is based upon is the concept of ionization
which fundamentally implies that the reactions that make up the world are the end result
of the need for charge to be transferred. When an atom gains or loses an electron and is
no longer electrically neutral it becomes a charged particle that is referred to as an ion
(313, p.59] [132, p.52]. If an atom loses an electron which results in the atom becoming
positively charged this result is referred to as a cation and likewise when an atom gains
an additional electron the result becomes a negatively charged atom that is referred to an
anion [313, p.59]. Chemical equations can be used to represent the ionization process for
example Equation: (75) represents the element sodium losing an electron while Equation:

(76) represents the element chlorine gaining an electron [313, p.59].
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Na — Na* +e” (75)

Cl+e — Cl™ (76)

Despite all of these concepts it is oftentimes necessary to determine how two elements
will chemically interact with each other in terms of electron transference and several tables
have been developed thru years of research and experimentation that make predictions
easier to obtain. One method of prediction is based upon examining an atoms ionization
energy which measures how easy it is for an atom to lose valance electrons, another pre-
dictive method looks at an atoms electronegative in order to determine how tightly the
valance electrons are bound to the atom, and the last method that should be discussed is
electron affinity which examines the energy needed for an atom to lose a electron [313, p.59,
p.64] [16, p.6]. A visual representation of the energy required to ionize an electron from a el-
ement is shown in Figure: (27) while a visual representation of the electronegative of some of
the periodic elements is shown by Figure: (28) along with a visual representation of electron
affinities for some of the periodic elements shown by Figure: (29) [313, p.64] [314, p.9:74,

pp.10:147-10:148, pp.10:175-10:176] [315, p.345].
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Figure 27: first ionization energy (data from [314, pp.10:175-10:176] and [315, p.345])
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Figure 28: electronegative (data from [314, p.9:74])
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Figure 29: electron affinities (data from [314, pp.10:147-10:148])
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When elements chemically interact with each other and ionization is a result of this

interaction then this interaction can be described as chemical bonding [313, pp.63-64]. A

chemical bond is defined as the force that is acting between atoms and can be generalized

into one of four classifications [16, p.6]. The first chemical bond classification is an ionic

bond in which a highly electronegative atom interacts with a low electronegative atom

such that valance electrons are transferred from the low electronegative atom to the high

electronegative atom that results in the formation of an anion and a cation which because

of columbic forces the ions stay together in a solid state under most circumstances [313,

pp.65-67] [16, pp.6-7]. This ionic bond can be illustrated thru the application of a Lewis

dot structure in which the valance shell electrons for a given element are depicted before

and after a chemical reaction [313, pp.49-50]. An example of an ionic bond illustrated as

a Lewis structure is shown by Figure: (30) [313, p.66].
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Na'/:i}.:C:l:—>Na+ ::C:l:

Figure 30: ionic bond between sodium and chloride

The second chemical bond classification is a covalent bond in which two elements of
similar electronegative values share valance electrons such that the electrons that are being
shared fill both bonded atoms valence shells at the same time [313, pp.70-71] [16, pp.6-7].
Since atoms in a covalent bond share electrons the extent of how evenly these valance elec-
trons are shared amongst the bonded elements varies depending upon the electronegative
of the elements involved which results in the sub classification of covalent bonds into two
cases one of which is a non-polar covalent bond where atoms share their valance electrons
equally and the second case being a polar covalent bond where atoms share their valance
electrons unequally [313, pp.70-71]. A Lewis dot structure can be used to illustrate a
non-polar covalent bond shown by Figure: (31) in which the solid line in the Lewis dot
structure represents an electron pair being shared [313, p.70].

H*+*H — H-H
Figure 31: nonpolar covalent bond between hydrogen and hydrogen

The polar covalent bond because of its unequal electron sharing causes a separation of
charge between the bonded elements to occur and this charge separation is referred to as
a dipole while the measure of the strength of this dipole is referred to as a dipole moment
(313, pp.70-71] [132, p.228]. A Lewis dot structure can be used to illustrate a polar covalent
bond shown by Figure: (32) in which because a dipole exist in water the physical structure

of the water molecule gets bent downwards [313, p.73].

L) O
H*+eOQe+*H— _/ N\
LN J H H

Figure 32: polar covalent bond of water

The third chemical bond classification is a metallic bond that occurs between metals

which is similar to that of a covalent bond however rather than the electrons being shared
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between two atoms they are highly mobile belonging to no particular atom in general [16,
pp.6-7]. This high electron mobility occurs because the valence electron orbitals overlap
with other valence electron orbitals in metals which results in the formation of additional
orbital energy levels per each new addition of a metal atom to the overall molecule [132,
p.931] [316, p.16]. After numerous metal atom additions the valence electron energy bands
become continuous which allows the free movement of electrons in the metal and this
concept is illustrated by Figure: (33) [132, p.931]. This high electron mobility found in

metallic bonds generally yields properties of high electrical conductivity and luster [132,

p.276].
A
Orbital| o : E
Energy - — —
Levels | ___ _ _ p—
Number of
‘ ‘ =" Metal
@ Atoms

Figure 33: metallic bonding and energy levels

The last chemical bond classification worth mentioning is a Van der Waals bond in
which an electron that is revolving around its nucleus is considered to be an electric dipole
because of the London dispersion force [132, p.411] [16, pp.6-7]. The London dispersion
force states that an atoms electrons can create an instantaneous dipole moment because
if the location of a atoms electrons could be known for a given instant of time then it is

possible that all of the electrons would be located in a particular region of the electron

Figure 34: van der waals bond between two helium atoms
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This instantaneous dipole moment would result in the attraction between molecules that
are close together and such a dipole would be extremely weak meaning that it could only
occur when other forces such as polarization or any other strong force that would overpower
the Van der Waal force does not exists [132, p.411] [316, p.16]. The Van der Waals bond is
generally found between organic heterogeneous masses and the overall cohesion from this
force is considered to be relatively weak when compared to the other types of bonds also

Figure: (34) illustrates conceptually what Van der Waal forces look like.

5.4.2 Solutions and Solubility

Now that a brief overview of chemistry along with a short introduction on chemical
bonds has been discussed an important gateway topic can be introduced that will eventually
lead into the impedance aspects of biomaterials such that the theoretical properties of
bioimpedance modeling can be explained.

One of the concepts that was discussed in A Review of Basic Chemistry was the con-
cept of mixtures which could be categorized as either being heterogeneous or homogeneous
in nature [313, p.153]. However, there also exists an additional classification were the
substance is not quite heterogeneously or homogeneously distributed and this type of dis-
tribution is referred to as a colloidal dispersion which is the classification that numerous
biomaterials fall into [313, p.153]. Despite the addition of this new colloidal classification
in order to make the explanation of solutions and the concept of solubility simplistic col-
loidal dispersions will be neglected for the moment and only homogeneously distributed
substances which are often times referred to as solutions will be examined [313, p.153].

A solution can exist as any state of matter whether it be solid, liquid or gas and should
a solution in the state of a gas or solid be dissolved into a solution of a liquid then the

solution of gas or solid is referred to as a solute while the liquid solution is referred to
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as a solvent [313, p.154]. In the event that two liquid solutions are dissolved into each
other questions about which one is the solvent and which one is the solute can arise and in
most cases the one with the larger concentration is considered to be the solvent while the
lesser concentration is considered to be the solute yet this method of identification does
not rigidly apply in all instances as there is no formal method of identification for this case
(313, p.154].

With the terms solvent and solute defined the term solubility is simply the measure of
how easy it is for a solute to dissolve into a solvent at a defined temperature [313, p.156].
Solubility is a physical property of the solvent that has a defined constant for a given
temperature and when the temperature of the solvent increases the solubility of the solvent
increases as a result [313, pp.156-157]. When a solute does not easily dissolve into a solvent
that solute is said to have a low solubility for that particular solvent and is oftentimes
referred to as the solute being insoluble while when a solute can easily dissolve into a
solvent the solute is referred to as being soluble for a that particular solvent [313, p.154].
Once a solvent has dissolved its solubility constant of a solute at a particular temperature it
is said to be saturated and any additional solute added to the solvent will not be dissolved
into the solvent while if a solvent has not reached this saturation constant for a particular
temperature it is said to be unsaturated meaning that additional solute will be dissolved
into the solvent [313, p.154]. The concepts of insoluble, soluble, and saturated are depicted

in Figure: (34) [313, p.66].

Insoluble Soluble Saturated
Figure 35: visual difference between insoluble, soluble, and saturated solubility.
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One interesting aspect about the nature of the solubility of a solvent and solute is
the fact that similar compounds are more likely to be soluble with each other and this is
believed to be a result of molecular polarity since polar molecules tend to dissolve other
polar molecules while nonpolar molecules tend to dissolve other nonpolar molecules however

polar molecules generally do not dissolve other nonpolar molecules [313, pp.156-157].

5.4.3 Aqueous Solutions

Now that the definition of solubility has been given a problem arises from the rather
lengthy list of elements this definition can apply to thus in order to reduce the overall
complexity of the concept of solubility in general further restrictions will be applied thru
limiting the elements discussed to those elements commonly found in a biomaterial.

Because the earth is covered by an abundance of a substance known as water this
substance for very logical reasons is a common substance found in most biomaterials and
water is also considered to be the most important polar solvent when it comes to solubility
(313, p.157] [132, p.113]. With the introduction of water as a solvent comes a new termi-
nology called aqueous that is used to indicate that a solution uses water as a solvent and
because water is so commonly found as a solvent typically when the term solubility is used
it is often times assumed that water is the involved solvent [132, p.113].

When water dissolves an ionic compound it does so by surrounding each ionic molecule
in a way that the negative dipole of water attracts the anions of the ionic compound along
with the positive dipole of water attracts the cations of the ionic compound and as a result
of the introduction of this dipole attraction the ionic bonds dislocate which causes the ionic
compound to dissolve into ions that are surrounded by water molecules [313, p.165]. The
ions that form as a result of this dissolving process are said to be hydrated when water

is the solvent or solvated when water is not the solvent and this salvation layer which is



131

more simply stated as the surrounding of solute ions by solvent functions as a cushion by
preventing the solute ions from interacting with each other because the solvent shields the
solute which naturally prevents the ions from recombining [313, p.167]. The concept of
a substance being dissolved into water can be easily illustrated by observing the reaction
between water and sodium chloride depicted by Figure: (36) in which the water molecules
strong dipole causes the bond holding the sodium and chloride atoms together to break
after which the lone ions get surrounded by water dipoles preventing them from returning

to their former state [313, pp.166-167].

28 8
5582

Solid Sodium Chloride Aqueous Sodium and Chloride Ions

Figure 36: sodium chloride dissolved in water

Water can not only can dissolve most ionic compounds but it can also dissolve numerous
covalent compounds by either chemically reacting with the compound to create a new
aqueous substance or by surrounding the covalent compound and solvating it [313, p.169].
An example of water chemically reacting with a covalent compound can be seen in Equation:
(77) which shows a reaction between hydrochloric acid and water which the result in the

formation of an aqueous solution with ions [313, p.169].

HClgas + H2OLiquia — Clagueons + H30% (77)

Aqueous
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5.5 Electrochemistry

5.5.1 Interdisciplinary Research and Intra-disciplinary Opinion

Despite waters intrinsic ability to solvate a very diverse range of chemical substances the
most interesting aspect that results from a substance being solvated in water results when
it has the ability to conduct electricity and if a solvated substance can conduct electricity it
is referred to as an electrolyte [132, p.114] [16, p.3]. Electrical conduction in an electrolyte
is quite different than electrical conduction in a metal because the movement of charge in
a metal is done thru the propagation of a near massless particle called an electron while
the movement of charge in an electrolyte is performed by the propagation of both positive
cations and negative anions that are massive in size when compared to an electron and
not equal in charge which results in chemical concentration gradient developing in the
aqueous solution [16, p.3] [189, pp.711-729]. This concept of charge propagation thru ions
can be illustrated by Figure: (37) in which sodium cations are attracted to the negatively
charged plate while chlorine anions are attracted to the positively charged plate and the net
movement of these ions produces a current allows electrical conduction to occur [313, pp.

167-168).

VBatteTy

@
g

Figure 37: illustration of electrolytic conduction

Electrolytes come in two classifications; the first classification is a strong electrolyte in
which solutes dissolve completely into ions which generally occurs in ionic compounds while
the second classification is a weak electrolyte in which solutes only partially dissolve into

ions which generally occurs in covalent compounds [313, pp. 167-168]. Because electrical
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conduction in an electrolyte is dependent upon the number of ions available to propagate
charge this strong verses weak electrolyte assignment directly reflects upon how well a

substance will conduct electricity [313, pp. 167-168].

5.5.2 Electrolysis

One interesting phenomena of electrolytic conduction occurs when charge that is flowing
from a metal conductor propagates into an electrolyte. This change in medium causes a
chemical reaction called electrolysis to occur at the metal electrolyte boundary. Since
bioimpedance spectroscopy uses metal electrodes to directly connect to a biomaterial the
effects of electrolysis are always a concern when trying to model a bioimpedance especially
when a direct current is used as the applied signal [189, pp.711-729].

The most fundamental case of electrolysis occurs when a DC signal is applied to a
set of electrodes that are in contact with a electrolyte and the resulting reaction can be
described by two laws called Faraday’s laws of electrolysis [189, pp.711-729]. Faraday’s
first law states “that the amount of a chemical reaction which occurs at any electrode is
proportional to the quantity of electricity passed” shown in Equation: (78) in which Mg is
defined as the mass of the resulting product, I is the electrical current applied, ¢ is the
duration the current was applied, and Zg is the electrochemical equivalent of the product

189, pp.711-729].

Mg = Zz1t (78)

Since electrical charge @) can be defined by Equation: (79) this equation can be substi-

tuted into Equation: (78) resulting inEquation: (80) [189, pp.711-729].
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Q= It (79)

My = 25Q (80)

Faraday’s second law states that “the passage of a fixed quantity of electricity produces
amounts of two different substances in proportion to their chemical equivalent weights” this
law is shown by Equation: (81) in which Fjy represents the chemical equivalent weights

317, pp.485-493).

Mz 4 _ Exa
Mzp  LExp

(81)

Faraday’s two laws of electrolysis can be combined together to produce an equation
that incorporates both quantity of electricity passed and number of electrolytic substances
available. To accomplish this task two electrolytes will be assumed to exist and Equation:
(78) can be used to defined the chemical reaction occurring from the DC current being
applied to both electrolytes shown by Equation: (82) and Equation: (83) [189, pp.711-

729] [317, pp.485-493].

Mza = Z5alt (82)

Myp = Zzplt (83)

If Equation: (82) is divided by Equation: (83) it yields Equation: (100) [317, pp.485—
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493].

Fwn = %ion'«‘ywn (84)
v
%On _ ion
Tion (83)
//i n%on
Fion =
Tion (86)

From Faraday’s second law shown in Equation: (81), Equation: (100) Z5 can be equated

to the chemical equivalents Eg shown by Equation: (87) [317, pp.485-493].

Z5A _Ega
Z&B EgB

(87)

Equation: (87) can then be rewritten into the form shown in Equation: (88) [317,

pp-485-493].

(88)

Generally speaking Equation: (78) can be defined in a singular case shown by Equation:
(78) and this is the starting point for the general expression of Faraday’s constant § [317,

pp-485-493].
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= Constant

If Equation: (78) is solved for Zg shown in Equation: (90) and substituted into Equa-

tion: (89) the result is Equation: (91) [317, pp.485-493].

_ Mg
Zy = 0 (90)
_ EzQ
5= Mg O

If the condition shown in Equation: (92) Occurs and substituted into Equation: (91)

then Equation: (93) is produced [317, pp.485-493].

Ey = Mg (92)

4

§=Q (93)

Since Faraday’s constant defines the amount of charge required to move one gram of
equivalent substance during electrolysis and since there is one gram per one mol this allows
for Avogadro’s number N4 to be multiplied by the charge of a electron in order to obtain
the total charge of one gram of electrons. The total charge of a gram of electrons is equal
to Faraday’s constant shown in Equation: (95) by Equation: (93) since Eg = 1 and Mg =1
are equal to each other [317, pp.485-493]. In summery the Faraday constant fundamentally

represents the magnitude of charge on an Avogadro number of electrons [189, p.712].
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Q = Nge (94)
§=Q
= Nye
C
= 96,490@ (95)

5.5.3 Ion Conductivity by an Induced Potential

So far only the basic theories behind how electrolytes are formed and the interesting
phenomena of electrolysis has been presented leaving the conduction equations in the bulk
of the electrolyte a topic that needs to be discussed in more detail.

In order to obtain the amount of charge that is being moved through an electrolytic
volume a current density J must be obtained for a cross sectional area that is perpendicular
to the ion propagation [189, p.707]. Current density can be found by taking the ion charge
density pjon an multiplying it by its velocity %o, shown by Equation: (96) where charge
density is defined as the number 4., of ions multiplied by their charge Q;,, per unit

volume shown by Equation: (97) [310, p.164].

J = Pion%on (96)

Pion = ionQion (97>

While this approach to finding current density is valid generally charge density is not

known nor is a charges velocity however, the electric field E is typically known and when
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an electric field is applied to a ion of a defined charge by definition from Coulomb’s law
shown by Equation: (98) it will produce a force which can be defined as the charge times

the electric field shown by Equation: (99) [310, p.164] [133, p.30].

Ft = QtE (98)

Eon = QionE (99)

When a ion is moving in a electric field that ion because it has both mass .#;,, and
acceleration .7, also has a force which can be described by Newton’s second law of motion
shown by Equation: (100) where acceleration can be written as velocity per average time
between ion collisions 7., shown by Equation: (101) and substitution of Equation: (101)

into Equation: (100) will result in the creation of Equation: (102) [310, p.164] [167, p.77].

Fion = %onﬂfz’on (100)
%on
ion = 101
Tion (101)
MionVion
B, = “ZionZion 102
Tion (102)

From this point Equation: (102) and Equation: (99) can be equated to each other
shown by Equation: (103) allowing the velocity to be solved as shown by Equation: (104)
[310, p.164]. This velocity equation shown by Equation: (104) can then be substituted into
the current density equation shown by Equation: (96) and the result of this substitution is

the creation of Equation: (105) [310, p.164].
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%on%on
ionE = = 1

B Tion (103)

Qion%on
Yion = — —— 104
Mion (104

Qionf%on

J = pion——F 105
Pion=— (105)

Next the charge density shown by Equation: (97) can be substituted into Equation:

(105) and the result of this substitution is the creation of Equation: (106) [310, p.164].

J = </%onQionQ'm%nfyionEW (106)

Simplification of Equation: (106) produces Equation: (107).

2
LMOTLQZ'OWJ '%OTL

J=
%OTL

E (107)

At this point the term before the electric field in Equation: (107) can be defined as
the ion conductivity o, shown by Equation: (108) and substituting this ion conductivity
into Equation: (105) results in the creation of Equation: (109) which is very similar to the

current density discussed earlier in the basic review of impedance analysis [310, p.164].

J%oan'Zon %on
Oion = —————— 108
Mion (108)

J = 0ionE (109)
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A problem now exist with this definition of current density as shown by Equation: (109)
because electrolytes are neutral meaning that both anions and cations exist in a solvated
state and Equation: (109) only considers the current density of the movement of one type
of ion [189, p.713] [16, p.12].

Faced with the electrolyte current density problem a physicist by the name of Friedrich
Kohlrausch discovered that electrolytes obeyed Ohm’s law accurately after the effects of
electrolysis were removed from the system by the introduction of an AC source and more
importantly Kohlrausch developed by experimental means Kohlrausch’s law of indepen-
dent migration of ions which can be summarized as the total ionic current density of an
electrolyte by the summation of each ions current density [189, p.713] [318, pp.92-93].

Going back to the current density equation shown in Equation: (96) and the ion charge
density equation shown in Equation: (97). Kohlrausch calculated the total current density
of an electrolyte by summing together the individual current densities of both anions and

cations which is expressed mathematically by Equation: (110) [189, p.713] [16, p.12].

J = pion_Yion_ + Pion, %on+ (110)

Substitution into Equation: (110) produces Equation: (111),

J = r/%on, %onf Qion, + f/%orur %onJr Qion+ (1 11)

Again, because an electrolyte must remain electrically neutral the charge produced

by the anions must equal the charge produced by the cations and this can be expressed
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mathematically by Equation: (112) [189, p.713] [16, p.13].

f/%on_ Qion_ = Mon4 Qion+ (1 12)

Earlier in the discussion on electrolysis it was shown that the Faraday constant is
equal to the amount of equivalent substance moved as a result of a applied charge and
this constant can be multiplied by the concentration C;,, of the electrolyte to determine
the charge that exist for a given electrolyte as shown by Equation: (113) [189, pp.712—-

713] [16, p.12].

Qion = S’Cion (113)

One issue that arises from Equation: (113) is the assumption that the concentration
is dissociated meaning this equation neglects the effects that real world dynamics such
as temperature or pressure for example would have on a solution. Because real world
concentrations are not dissociated a so called effective concentration or chemical activity
Aion was developed to account for these effects and its application to Equation: (113)

produces Equation: (114) [16, p.12] [319, p.11] [320, p.6] [321, p.578].

Qion = %-Aion (114)

A chemist by the name of Gilbert Lewis defined an relation which related chemical
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activity in terms of chemical potential along with incorporating thermodynamic properties
of pressure and temperature into a equation shown by Equation: (115) in which %,
represents chemical potential of the desired entity, .%;,, represents the standard chemical
potential of the desired entity, R represents the universal gas constant, 7 represents the
absolute temperature, and Ao, represents the chemical activity [322] [320, pp.5-6] [321,

p.578] [319, p.11].

Pion = Hion + RTIH(Aion) (115)

Solving Equation: (115) for chemical activity produces Equation: (116) [319, p.11].

A

Ao = € (116)

While Equation: (115) and Equation: (116) are valid means of finding chemical activity
some more issues on this subject need to be addressed [320, pp.6-7]. First of all standard
chemical potentials can vary depending on exactly how activity is defined and how the
units of concentration are expressed [320, pp.6-7|. Secondly measuring an individual ion’s
chemical potential or its absolute activity is an example of one of the classical unsolved
problems in this particular field making it necessary to examine comparative changes in
activities with changing conditions [320, pp.6-7]. Such necessities force the measurement
of chemical activity to be taken using an arbitrary standard chemical potential at some
static temperature and pressure [320, pp.6-7]. Generally, the standard state is limited to

the reference behavior of the system either when the limiting behavior of the substance
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approaches zero or when the limiting behavior of the substance approaches unity which

loosely translates into the concentration of the system-approaching zero or unity [320,
pp.6-7].

Such assumptions discussed above allow for simplification of the Lewis equation into
a good low concentration approximation defined by Equation: (117) in which chemical
activity is equal to the concentration multiplied by the activity coefficient 7o, [320, pp.5—

9).

Aion = Cgion'yion (117>

Since chemical activity is generally not known but chemical concentration and activity
coefficient tables are both easily found it is logical that Equation: (117) should be substi-

tuted into Equation: (114) which results in the creation of Equation: (118) [16, pp.12-13].

Qion = gcgion%'on (118)

Application of Equation: (118) to Equation: (112) produces Equation: (119)

J%on_ Qion_ = Yiony Qion+

= i}(gion'yion (119)

This electric neutrality concept from Equation: (119) can then be applied to Equation:
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(111) which results in the creation of Equation: (120) [189, p.713].

J = FCionYionVion_ + ?fcgion’}/ion/y/ion+ (120)

Factoring Equation: (120) results in the creation of Equation: (121).

J = gcgion'}/ion(%on, + %on+) (121)

At this point an equation that relates drift velocity to electric field intensity thru the
ion mobility shown by Equation: (122) can be applied to Equation: (121) which results in

the creation of Equation: (123) [189, p.708, p.714] [133, p.120].

Vion = Hion (122)

J = %(gz’onrﬂon(/ﬁion,E + Nion+E) (123)

Factoring Equation: (123) results in the creation of Equation: (121).

J = <g"cgionf}/ion(Nion_ + Mion+)E (124)

Upon comparing Equation: (124) to Equation: (109) commonalities appear and the
term before the F in Equation: (124) becomes analogous to the term before the E in

Equation: (109) which upon equating the two to each other creates Equation: (125) [189,
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p.708, p.714] [16, p.13].

Ojion = c&%on’h’on (,Uion_ + ﬂion+) (125)

Kohlrausch then normalized Equation: (125) to bring the conductivity to a consistent
basis and called the result of this normalization the equivalent conductivity (Aje,) shown

by Equation: (126) [189, p.714] [16, p.13].

Aion — C&(gz’on'yion ((l;z:on + /JJionJr) (126)
ion

Simplification of Equation: (126) results in the creation of Equation: (127)

Aion = gq/ion(ﬂionf + /Mon+) (127)

Since the equivalent conductivity is the sum of the conductivity of both the anions and
cations the equivalent conductivity of the individual ions Xion can be defined by expand-
ing Equation: (127) which is shown by Equation: (128) and extracting each individual

equivalent ion conductivity as shown by Equation: (129) and Equation: (130) [189, p.714].

Ajon = %’Yion,uion, + %"Yion,uiorur (128)

Xi(m+ = g’%on/ﬁon+ (129)
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Xion, = %’Yion,uion, (130)

The equivalent conductivity can be written as the sum of Equation: (129) and Equation:

(130) which results in the creation of Equation: (131) [189, p.714].

Aion :Xion_ + Xz'ovu. (131)

The equation shown in Equation: (131) is strictly correct when the electrolyte is in-
finitely dilute because of internal forces between ions in close proximity to each other.

Kohlrausch discovered that this proximity effect could be compensated for in diluted strong

0

electrolytes by finding the equivalent conductivity at an infinite dilution A;,, shown by
Equation: (132) and offsetting the equivalent conductivity by a dependency factor %Bis,
that can vary based on temperature, viscosity, and other worldly effects which is shown by

Equation: (133) [189, p.714].

A?on :Xgon, + X?on+ (132)
Nion :A?on - f%ion\/% (133)

While Equation: (133) worked well for the equivalent conductivity of dilute strong elec-
trolytic solutions the equivalent conductivity of weak electrolytes was found to decrease
more rapidly than Equation: (126) predicts and a physicist by the name of Svante Ar-
rhenius upon examining this particular problem suggested molecular dissociation ey, in a

electrolyte was related to its equivalent conductivity by Equation: (134) [189, p.715] [76,
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pp.66—67].

Aion
Qjon = AT (134)

won

A physical chemist by the name of Wilhelm Ostwald found Arrhenius ideas on dissoci-
ation intriguing and decided to use the relation shown in Equation: (134) in conjunction
with the law of mass action to attempt to describe the equivalent conductivity of weak
electrolytes with an undiluted concentration [189, p.715] [323].

The Guldberg-Waage law or law of mass action stems from the concept of chemical equi-
librium in which when reacting substances are combined together and produce a chemical
reaction the conversion between reactants to products as shown by Equation: (135) is often

times incomplete no matter how long the reaction is allowed to continue [16, p.17] [324,

p.269].

Areactant + Breactcmt — Cproduct + Dproduct (135)

For further illustration of this concept of chemical equilibrium if reactant A reacts with
reactant B to produce products C and D then by taking measurements over a period of time
it can be shown that the amount of reactants will decrease while the amount of products
will increase until a point in time occurs where both the reactants and products stay at a
constant level which is defined as the equilibrium time t., [324, pp.269-270]. This point

of equilibrium can be expressed by Equation: (136) or Equation: (137) [324, p.270].
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Areactcmt + Breactant = product + Dproduct (136)

Areactant + Breactcmt = Oproduct + Dproduct (137)

The law of mass action takes the concept of equilibrium discussed above and defines a
relationship between the ratios of the product of the chemical products to the product of
the chemical reactants such that a balanced general equation shown by Equation: (138) can
be substituted in to the law of mass action shown by Equation: (139) to find an equilibrium

constant e, [324, p.271].

Wcoef (Areact) + Xcoef(Breact) +- = coef(Cprod) + Zcoef (Dprod) + ... (138)

[Areact]wcoef [Breact]Xcoef CIE

Hog =
q [Cprod] Ycoef [Dp’l"Od] Zcoef .

(139)

Ostwald considered the dissociation of acetic acid shown by Equation: (140) and defined
the concentration of the reactants by Equation: (141) and the products by Equation: (142)

189, p.715].

HAc= H' + Ac™ (140)
CKHAC = (1 - CVion)Cgion (141>
Cr+ = Cae— = QonGion (142)

Ostwald then used the law of mass action to produce Equation: (143) which can be
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simplified to Equation: (144) [189, p.715].

% _ (aion%on)(aionﬁon)

G (R— (143)
2
Heg = ‘;%inian (144)

Substituting Equation: (134) into Equation: (144) results in the creation of Equation:

(145) and further simplification results in the creation of Equation: (146) [189, p.715].

(362> Gion
Heqg = —" 31— (145)
1— (Rt
Cron\?
t%/eq — wont qon (146)

won

The equation shown in Equation: (146) is referred to as the Ostwald dilution law and
it relates equivalent conductivity to concentration [189, pp.715-716]. Upon comparison
of the Ostwald dilution law to the conductivity of weak electrolytes it was concluded that
this law was a reasonable way to determine the dissociation constant of weak electrolytes
but it was also found that this law was not very good at predicting strong electrolytes
[189, pp.715-716].

Further developments on this subject was made by chemist Lars Onsager who applied
Debye’s and Huckel’s theories about mean activity coefficients of strong electrolytes to
the problem along with Walden’s theories of electrolyte frictional forces [189, pp.715-
716] [320, p.9] [325].

Debye-Huckel theories on the activity coefficients of individual ions along with the mean
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activity coefficients of strong electrolytes stem from considering the interactions between
ions from both a thermal forces and charge repulsion perspective [320, p.9]. Since charge
repulsion is described by Coulomb’s law while thermal counter effects to charge repulsion
is described by the Boltzmann distribution law shown by Equation: (147) in which .,
represents electrical potential of a point with respect to an electrically neutral point, Z,,
represents the number of ions involved, Q);,, represents the charge per each ion, ‘512 rep-
resents an electrically neutral concentration, € represents a concentration at a defined
electric potential, k£ represents the Boltzmann constant, and 7 represents the absolute
temperature of the solution such that these two laws were used by Debye-Huckel in the

creation of their activity theories [320, p.9].

(51/} _ ngge—ﬂ‘%on%onwion (147)
According to the Boltzmann distribution law concentrations of similar ions are dimin-
ished by being near other similar charged ions while at the same time dissimilar ions at-
tract causing an increase in concentration which causes the formation of an ion atmosphere
(320, pp.9-10]. Because an electrolyte is electrically neutral the charged ion atmosphere
that forms between dissimilar ions has to be equal to the charge of the central ion respon-
sible for the atmospheres formation [320, pp.9-10]. Furthermore, the attractive nature of
this atmosphere will fall off exponentially over distance and is dependent upon temperature
since thermal agitation works to counteract this atmospheric attraction [320, pp.9-10].
Debye and Huckel considered at first a simplistic case in which all the ions are assumed
to be point charges to avoid complexity [320, pp.9-10]. Debye and Huckel then applied

their theories to Equation: (147) which produced Equation: (148) in which k;,, repre-
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sents the reciprocal radius of the ionic atmosphere which is also called the Debye length
(320, p10] [189, p.717]. This reciprocal radius is proportional to the square root of the
concentration as shown by Equation: (149) in which .#,, represents the ionic strength of

the electrolyte that is defined by Equation: (150) [320, p.10].

—Z2 Q% ki
1 ion) = won ¥ ion'von 148
n(yion) 2e0er-kT (148)
81Q% Ny
on = || A [ g 149
Rion 1000€0€T/€T ion ( )
Z:(g'i(m’?fl’2
cﬁion = 1/2/ Lo (150)

Next Equation: (148) and Equation: (149) can be combined together along with further
simplification that results in the creation of the Debye-Huckel limiting law (DHLL) which
is shown by Equation: (151) in which &}, is a constant that is proportional to the —%

power of both the dielectric constant and the absolute temperature and also contains a

conversion factor of ﬁ to convert natural logarithms to base 10 logarithms [320, p.11].

—10g(’)/iwn) = ﬁion%in\/ﬁ (151)

Because The Debye-Huckel limiting law does not take into account the finite sizes of
ions (DHLL) tends to produce results that overcompensate for ionic attraction and repul-
sion [320, pp.12-13]. Debye and Huckel later revised there derivation which is called the
extended Debye-Huckel equation (EDHE) which resulted in the creation of Equation: (152)
in which the additional parameter %;,, represents the mean distance of approach between

ions (320, pp.12-13].
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ﬁion Qpiim V cﬁion
- 1Og (’Yiion) =

1 + KionZion

(152)

Onsager took the concepts that Debye and Huckel developed in their theory and applied
Walden’s theory that considered the notion that ions that are immersed in a fluid will
experience retardation as a result of frictional forces that are described by Stokes’ law
shown by Equation: (153) in which 7., is the viscosity of the solvent and %;,, is the radius

of ion [189, p.716].

Fion = 671—772'071%%071%071 (153)

In Walden’s equations the frictional force opposing the ions motion shown by Equation:
(153) are equated to the applied electrical force on the ion shown by Equation: (154) which
when combined together creates a relationship between the two as shown by Equation:

(155) [189, p.716].

Fion = ionQionE (154)

%on@ionE = 67T77i0n%ion7/ion (155)

Walden’s equations shown by Equation: (155) can then be solved in terms that can be

substituted for mobility as shown by Equation: (156) [189, p.716].
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) _ /Vion — D%pion@ion
Hion E 67T7Iionmon (300)

(156)

Next the theory of equivalent conductivity shown by Equation: (127) can be applied to
Walden’s equations shown by Equation: (156) which results in the creation of Equation:

(157) [189, pp.716-717].

AO

372'071@1’071 %onJr o@pionf

Tion+  Xion—

Because the only medium dependency in Equation: (157) is the viscosity and equivalent
conductivity multiplication of the viscosity can be performed such that viscosity is moved
next to the equivalent conductivity [189, p.717]. This operation produces a viscosity
equivalent conductivity comparison that is equal to a constant value as shown by Equation:
(158) which is referred to as Walden’s rule and produces results that are not very accurate

when working with large ions [189, p.717].

A?on Nion = Uonstant ( 1 58)

Onsager in the development of the Onsager equation combined both the viscosity and
ionic atmospheric effects on conductivity by substituting the Debye radius ¥gepye shown by
Equation: (159) into the Walden equation shown by Equation: (158) which results in the

creation of Equation: (160) [189, p.718].
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1
72f\debye = Fiom (159)
(&'YionQion(%on-i- + %on—)ﬂion
A = 160
0N 67T77i0n (300) ( )

Applying theory found in Equation: (133) to Equation: (160) equivalent conductivity
can be found by subtracting the equivalent conductivity at an infinite dilution shown by

Equation: (161) [189, p.718].

(161)

on

_ YionQion <ffion+ . ffion—l— 4 Zion— _ D@Pion—)
6777]1'077, (300) mon-i- %debye ?fion— ?fdebye
The equation shown by Equation: (161) upon substitution and simplification of vari-

ables results in the creation of the Onsager equation which is shown by Equation: (162)

189, p.718].

82.4 8.20 x 10°AY
Ao = AV — + on |\ /g, 162

This equation is usually abbreviated as shown by Equation: (163) in which Ay, is

defined by Equation: (164) and By, is defined by Equation: (165) [189, p. 718].

Aion = Ny = (Aabh + BatwADr) \/Gion (163)

82.4

Agpp =
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NETL (165)

By, =

Comparison of the Onsager equation to experimental data produces the conclusion that
the Onsager method works extremely well for very dilute solutions but underestimates the
conductivity when electrolyte concentrations increase [189, pp.718-719].

High concentrations of electrolytes in a solvent are somewhat problematic to model
since the interactions between each of the ions are more frequent and chaotic resulting in a
reduction of their overall mobility. Furthermore, as the value of concentration increases a
point in which the solvent become saturated will occur and this point will prevent further
ionization from occurring which forces the un-ionized molecules to coexist with aqueous
ions in a very tightly packed solution that slows overall ion mobility [16, p.14]. Generally
speaking electrolytes exist in low to moderate concentrations because as concentrations
increase the line that separates a solvent from a solute becomes blurred since both of the
definitions are based upon the amount of quantity of each component [16, p.14].

Another point of interest that should be noted is on the subject of additional research
conducted by Wien and Debye-Falkenhagen that produced results that are nonlinear when
electrolytes are exposed to high electric fields £ > 100000% or high frequencies f >
3000000% and these nonlinearities occur because the ions are moving so fast that the ionic
atmosphere around the ion never forms which increases the electrolyte mobility [189, p.719].
Additional nonlinearities can occur if the viscosity of the electrolyte changes or if the
number of ions per volume changes and while in some particular cases the effects of these
nonlinearities are negligible nonlinearities as a whole should always be considered when

modeling a biomaterial [16, p.48].
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5.5.4 Ton Conductivity by Diffusion

Another phenomenon seen in electrolytic solutions is the concept of ion migration thru
diffusion [16, p.23]. The general idea behind ionic migration thru diffusion can best be
illustrated by an example in which a solute is dissolved into a neutral solvent at some
particular region such that this region will initially have a high concentration of solute that
will gradually decrease over a period of time until the solute gets distributed equally over
the solvent [16, pp.23-25].

Diffusion is defined as the process that occurs as the result of the random motion
of molecules in which a net flow of matter occurs from regions of high concentration to
regions of lower concentration and this process is governed by the concepts of Brownian
motion, molecular collisions and the mean free path between collisions [16, p.23]. Molecular
diffusion can be mathematically described thru the application of Fick’s first law as shown
by Equation: (166) in which & fick Tepresents the molar flux, D ;. represents the diffusion
coefficient, x represents the current position, and € represents the concentration [16, p.23].
While values of molar flux is of interest in some applications it is oftentimes more desirable
to know how concentration will change over a period of time and this can be found thru
the application of Fick’s second law as shown by Equation: (167) in which ¢ represents the

time that has passed [16, p.24].

0¢

éfick = - szck% (166)
0% 0>€
(m) = pick g (167)

The overall effects of diffusion from a bioimpedance perspective is somewhat variant

depending upon the vantage point taken on the subject because in one perspective elec-
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trolytes in a biomaterial could be considered initially diffused when measured since the
measurements that are taken generally happen long after the original concentration of the
solute was dissolved which allows the diffusion effect to be neglected [16, p.23-25]. Another
possible perspective on the subject is since living biomaterials are constantly undergoing
chemical processes and forming concentration gradients diffusion would always be an ac-
tive and somewhat unpredictable part of a bioimpedance measurement that would have to
be considered [16, p.23-25]. Yet another possible perspective on this subject comes from
the electrode electrolyte boundary in which new solutes are created thru electrolysis and
oxidation reduction effects that will diffuse from the electrodes out into the solvent over
a period of time which could potentially change the concentration of the electrolyte such
that diffusion would have to be considered [16, p.23-25]. Lastly several theories exist in
which diffusion plays a central role in the inner workings of internal cellular conduction
meaning it would have to be considered [16, p.23-25]. All and all diffusion is an effect that
needs to be thought about carefully and possibly accounted for depending upon the type

of bioimpedance being measured [16, p.23-25].

5.5.5 Ton Potential And Oxidation Reduction Effects

An interesting property that typically arises as a result of the introduction of a metal
electrode into an electrolyte is the concept of oxidation reduction which is often referred
to as redox for short [132, pp.128-129] [16, p.36]. Looking at the individual components
of oxidation reduction for a moment conceptually oxidation is the process of an element
losing free electrons to another element while reduction is the process of an element gaining
additional electrons from another element [132, pp.128-129]. The combined term oxidation
reduction indicates that both oxidation and reduction is occurring at the same time in a

given chemical reaction or in other words one element is losing electrons while another one
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is gaining electrons during a chemical reaction [132, pp.128-129].

Elements typically can be classified into oxidizing agents or reducing agents by their
oxidation number which is equal to the number of electrons that a element wants to gain
or lose from valance electron theory in there neutral state or equal to their current charge
when ionized [132, pp.128-129]. From a chemical equation perspective an example of a
redox reaction can be seen thru the introduction of zinc into an aqueous hydrogen solution
such as a hydrogen based acid for example as shown by Equation: (168) in which the
zinc as a result of the redox reaction becomes aqueous in the solution and the hydrogen
bubbles out of the solution as a gas [132, pp.128-129, p.777]. It should be noted that total
charge must remain zero during a redox reaction therefore balancing coefficients are used

to maintain this zero net charge [132, pp.128-129, p.777].

ZNSolid + 2[—[Xqueous — Zn2+ + H2Gas (168)

Aqueous

While there are several different types of redox reactions only the ones that are prevalent
to bioimpedance analysis are of interest and such reactions as could be imagined involve
electrochemistry which is generally summarized as the study of the relationship between
chemical reactions and electricity [132, p.777]. One point of interest that arises from redox
reactions is spontaneous redox reactions from which voltaic and galvanic cells originate
[132, p.784]. Voltaic and galvanic effects are important because the transfer of electrons
from the chemical reaction can be channeled thru an external pathway such as a metal
conductor for example which depending upon the amount of electrons being channeled
could in theory be used to power an electrical device [132, pp.784-785].

While the fundamentals of what could be loosely referred to as battery theory which
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voltaic-galvanic cells are best known for there are a few effects that these phenomena impose
upon a bioimpedance model thus meriting an introduction to the subject [132, pp.784—
785] [16, pp.36-37]. In order to illustrate how a voltaic cell operates an example of a
spontaneous redox reaction shown by Equation: (169) needs to be discussed in some detail

132, p.784].

24+ 2
Zngolid + Cquueous ZnA—Zueous + Cusolid (169)

In the spontaneous redox reaction shown by Equation: (169) a piece of zinc metal is
placed into a aqueous solution of ionized copper which as an result of this combination the
zinc metal is oxidized into a aqueous state while the copper becomes reduced returning to
a solid state [132, pp.784—785]. This reaction by itself is not inherently useful however the
oxidation and reduction components can be separated into what is formally called a half-

reaction shown in this particular case by Equation: (170) and Equation: (171) [132, p.785].

ZNSolid — Zn?él—;ueous —2e” (170)
C’uizueous + 27 — Cugolid (171)

A voltaic system takes both redox components defined by their half-reactions and places
each chemical component into separate containers referred to as half-cells with the addi-
tion of a common nonreactive aqueous electrolyte in both of the cells [132, pp.784-785].
Additionally solid bars of the un-ionized metal are added to the appropriate half-cell which

in the case of this example a solid zinc bar will be submerged into the zinc half-cell while
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a solid copper bar will be submerged into the copper half-cell [132, pp.784—785].

If an electrical connection is made from the zinc bar to the copper bar with some
load impedance between the two electrical connections, theoretically electrons should flow
from the zinc bar to the copper bar because an electrical potential exist as a result of the
redox reaction that will occur at the onset of additional electrons in the copper solution
[132, pp.784-789]; however, upon connecting a voltaic cell in this particular configuration
no electrical current will occur because electrical neutrality of the solution is required thus
no redox reaction can occur in order to preserve this chemical neutrality [132, pp.784-789].

Because chemical neutrality must be maintained in a solution one way to overcome this
problem is by the introduction of an additional common nonreactive aqueous electrolyte
in both of the half-cells that can create an electrical return path which allows additional
charge to migrate back to the zinc solution from the copper solution via an ion bridge
which allows the redox reaction to occur and the flow of electrical current [132, pp.784—
785]. Typically this electrical bridge is created using a “U” shaped tube that is inserted
between the two cells that contains some type of aqueous salt that ionizes in solvent but
does not react chemically with the redox salute allowing charge to be transfer back to the
zinc half-cell from the copper half-cell [132, pp.784-785].

While this example highlights a particular redox reaction other materials can exhibit
a similar galvanic behavior when subjected to similar conditions [132, p.799]. Studies
were conducted on this subject by a German chemist by the name of Walther Nernst on
different redox materials and Nernst developed a relationship between galvanic potential
and concentration called the Nernst equation as shown by Equation: (172) in which Vj is
the standard electrode potential of the redox system, A,, is the chemical activity of the

oxidization ion, and A, .4 is the chemical activity of the reduction ion [132, p.799] [16, p.37].
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Another interesting phenomenon that can occur in a voltaic cell is the formation of
a potential difference between two identical half-cells with different ionic concentrations
which is commonly referred to as a concentration cell [132, p.801]. In the example given
above the copper half-cell would be replaced by another zinc half-cell with a different
concentration of zinc ions. Because a difference in concentration of ions exists between the
two zinc half-cells a potential difference also exists and electricity will flow around a closed
loop as discussed earlier until the charge concentration is equalized and equilibrium occurs
[132, pp.784-785, p.801].

Yet Another phenomenon that is related to the concentration cell phenomenon is called
the liquid junction potential in which a potential voltage is created between dissimilar
electrolytic solutions as a result of Brownian motion [132, p.801] [16, p. 39]. The liquid
junction phenomenon is described mathematically by a variation of the Nernst equation
and is referred to as the Henderson equation, which is shown by Equation: (173) in which

V1g is the liquid junction potential [132, p.801] [16, p.39].

Miony — Mion_ RT (gionl
Vg = In 173
L Miony + Mion_ f/%ong (%ong ( )

The equation shown in Equation: (173) makes the assumption that the two liquids are
in contact with each other However, in biomaterials there is oftentimes a porous membrane

that separates the involved electrolytes which will result in a slightly different potential
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difference which can be modeled by the application of the Donnan equation as shown by

Equation: (174) in which Vp is the Donnan potential difference [16, p.39].

RT Aion,
VD = ? In <Ai0n2> (174)

5.5.6 Ion Conductivity and the Double Layer

Another interesting phenomena that occurs at the electrode to electrolyte boundary is
the concept of an double layer that is formed as a result of the surface charge of the electrode
attracting molecules of opposite polarity which creates a molecular charge screening layer
that looks very capacitive [16, pp.25—26].

Because the double layer can be thought of as a molecular capacitor a scientist by
the name of Helmholtz theorized that when an electrolyte concentration is very high the
capacitive value of the double layer will be very large because the size of the double layer
becomes small and tightly packed near the electrode [16, pp.25-26].

Helmholtz theory is only valid for high concentrated electrolytes and as the electrolyte
concentration decreases the size of the double layer will increase causing the effective ca-
pacitance in the double layer to decrease [16, pp.25-26]. Additionally, as the double layer
increases the screening effect will also decrease and this decrease in screening will allow ions
to migrate thru the double layer which is why the double layer is sometimes referred to
as the diffuse electric layer to indicate the occurrence of ion migration in the double layer
[16, pp.25-26].

Several mathematical models have been proposed after the development of the

Helmholtz theory which takes into consideration the effects that occur from lower con-
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centrations found in the diffused electric layer [16, pp.25-26]. These models include the

Gouy-Chapman theory which takes into account the effects of thermal motion in the dif-
fused electric layer, the Debye-Huckel model proposes approximations that can be used
when working with a spherical or a flat diffused electric layer, the Stern theory expands
upon the Gouy-Chapman model, and the Schwartz theory takes into consideration the
effects of lateral movement in the diffused electric layer [16, pp.25-29].

While double layer effects as a whole are important in a physical liquid electrode bound-
ary their overall importance when it comes to modeling a biomaterial is somewhat dubious
at least from a macroscopic vantage point since on the macroscopic level capacitances are
oftentimes lumped together and compensated for depending upon the models impedance
topology [16, pp.25-29]. The key concept to take away from the double layer is the concept

that a capacitance will exist as the result of a liquid electrode boundary [16, pp.25-29].

5.5.7 Introduction to Dielectrics and Polarization

When most people hear the term dielectric typically a mental image of some type of
electrical insulator comes to mind and many electrical products utilize dielectrics like a
capacitor for example that uses a dielectric material to separate its electrical plates from
an applied electric field [16, p.51]. While this imagery is accurate to some degree a general
description describes a dielectric as a material in which an electric field can fully penetrate
the material which differs from a conductor since in the case of the conductor a static electric
field cannot fully penetrate a conductive material [16, p.51]. With mental imagery and
general definitions aside formally a material is only classified as a dielectric if the material
has a capacitive displacement current that is larger than its phase current which can be
mathematically defined by Equation: (175) in which Gy; is defined as the conductance of

the material or in a more generalized from by Equation: (176) [16, p.51].
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WOdi > Gdi (175)
ag
f> g (176)

The equations shown above suggest that the classification of a material as a dielectric is
dependent upon the frequency being used for the observation which means that a particular
material can act like a conductor for a given frequency range while acting like a dielectric
in another frequency range [16, p.51]. This conductor dielectric duality makes absolute
material classification somewhat problematic but it also implies that a biomaterial could be
examined as a conductor or as a dielectric depending upon the analysis being performed [16,
p.51]. Furthermore, because this duality exist both conductors and dielectrics have intrinsic
properties which consider the occurrence of the counter phenomena , for example conductors
are classified by impedance parameters which has a variable to account for a dielectric
phenomena while a dielectric is classified by a complex permittivity which has a variable
to account for conductance phenomena [16, p.51]. While the concept of impedances and
permittivities are not foreign to the electrical engineering profession these concepts becomes
somewhat abstract when being measured by a profession outside of the electrical engineering
community which makes finding common ground for measurement comparison between
disciplines difficult [16, p.51]. Additionally some of the information needed to understand
the properties of dielectrics has already been discussed in the impedance analysis section
under the topic of impedance theory of a capacitor.

One topic that arises upon investigating the properties of dielectrics is the concept of
polarization which for a uniform dielectric can be defined as a disturbance of the charge

distribution for a particular region of the dielectric as the result of a field induced dis-
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turbance [16, p.52]. Nonpolar materials require the application of an external energy in
order to be polarized while polar materials have an intrinsic dipole that is polarized with a
random orientation which requires the application of an external energy in order to obtain
a common direction [16, pp.52-53| [310, pp.171-172].

Polarization is measured by first finding the dipole moment which is a quantitative
measurement of the magnitude of the distortion of the molecules electron cloud which can
be found thru the application of coulombs law that results in the creation of Equation:
(177) in which py is the dipole moment, and ¢4 is the dipole distance [16, p.54] [310,

p.171] [132, p.288].

P = Qb ()

Next the total dipole moment over a given volume can be found thru the summation of
the individual dipoles over a defined region as shown by Equation: (178) in which py,,, is
the total dipole moment, n is the number of dipoles per unit volume, and A, is the defined

volume [132, p.288] [133, p.138].

nAy

thotal = Z pTz (178)
=1

Polarization can then be found by taking the limit of the volume as it approaches zero

as shown by Equation: (179) in which P; is the polarization [133, p.138].
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1
Pr= lim
T AV*)O A thotal

nAy

= lim — 1
s+ Zm (179)

The electrical potential that is created as a result of polarization can be found thru the
application of electromagnetic and divergence theory shown by Equation: (180) in which @),
is the outward unit normal to the selected surface, and ¢y is the length between a volume

element and a point [310, pp.172-173].

PT'@nd _V'PT
S 47T€0€R \Y 47?6051{

Vi = (180)

Simplification and transformation of surface and volume potentials to charge densities
results in the creation of Equation: (181) and Equation: (182) in which py is the surface

charge density, and py, is the volume charge density [310, p.173].

o= P 6, (181

Converting the charge densities to enclosed charges can be accomplished by application
of Equation: (183) and Equation: (184) in which Qs is the surface charge and Qv is the

volume charge [133, p.140].
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Qs = /VpTSdV (183)

Qv = /VPTVCN (184)

The enclosed charge equations shown by Equation: (183) and Equation: (184) can also
be written in terms of polarization and electric flux density as shown by Equation: (185)

and Equation: (186) [133, pp.139-140].

Qs = ]éD L dS (185)

Qv = — 723 .dS (186)

The total enclosed charged Q1 can be found by summing the surface charge and the

volume charge together as shown by Equation: (187) [133, p.139).

Qr=Qv+Us (187)

The total enclosed charge can also be found thru the application of gauss’s law which

results in the creation of Equation: (188) [133, p.139].

Qr = jéeoE -dS (188)
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Substitution of Equation: (185), Equation: (186), and Equation: (188) into Equation:

(187) results in the creation of Equation: (189) [133, pp.139-140].

fgaoE-dS:—fSPT-deSD-dS (189)

Applying assumptions and solving for D in Equation: (189) results in the creation of

Equation: (190) [133, p.140].

D =¢e0F + PT (190)

If the dielectric under examination is not ferroelectric and has a linear relationship
between the materials electrical polarization to its applied electric field a scaling factor
called the electric susceptibility y. can be used to create a linear relationship between the

two as shown by Equation: (191) [133, pp.140-141].

PT = X650E (191)

Substitution of the linear relationship provided by Equation: (191) into Equation: (190)
results in the creation of Equation: (192) which upon factoring common terms results in

the creation of Equation: (193) [133, p.141].
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D = e+ xeco B (192)

D =coE (14 xe) (193)

The factored term (14 x.) can be defined as the relative permittivity or dielectric
constant for the material under observation as shown by Equation: (194) which results in
the abbreviated permittivity term shown by Equation: (195) that is oftentimes used in the

application of dielectric theory [133, pp.141].

er =14 e (194)

£ = £,60 (195)

The key concept that should be taken away from this derivation is the concept that
polarization can result from the application of an electric field also it should be noted that
this induced polarization can modify the applied electric field inside of the material by a
value known as the permittivity [133, pp.141-142].

Additionally it is often times useful to look at how the permittivity will affect the dipole
moment and this can be accomplished by utilizing a concept called the polarizability oy as

shown by Equation: (196) in which Ej is the local electric field strength [16, p.55].

br = OéTEg (196)
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This polarizability concept extends to molecular polarization as shown by Equation:
(197) in which Ny is the volume density of the material, also a relationship exist between
the polarizability and permittivity which is easily identified upon comparing Equation:

(197) to Equation: (191) [16, p.55].

Pi = Nrap B (197)

This polarizability relationship can be extended further in the case of non-polar materi-
als and results in the creation of the Clausius-Mossotti relationship as shown by Equation:

(198) which relates polarization to molecular structure [16, pp.55-56].

87—1 _ NTQT
5,«+2_ 3€0

(198)

The nonpolar Clausius-Mossotti relationship can be expanded to include the effects of
polar materials which results in the creation of the Debye equation shown by Equation:

(199) in which vy is the molar volume [16, p.56].

%
er—1 NA<O‘T+W>
67«+2_ SUT

(199)

5.5.8 Discussion on Dielectric Parameters

As mentioned earlier in this chapter an impedance can account for the presence of

a dielectric thru the introduction of a complex variable and similarly a permittivity can
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account for the presence of a conductor thru the introduction of a complex variable [16,
p.59]. Conceptually a complex permittivity will take on the form shown by Equation: (200)
in which 5?? denotes the real relative permittivity part and €7 denotes the imagery relative

permittivity part [16, pp.59-60].

€ = g€
R R
€=¢g,€0 — JE €0

€= (5?? — ]5?) £0 (200)

Similarly, a complex conductance will take on the form shown by Equation: (201) in
which o™ denotes the real conductivity part and ¢ denotes the imagery conductivity part

(16, pp.59-60].

o=0"+ 07 (201)

As discussed in the impedance analysis section of this chapter the impedance of a capac-
itor is defined as shown by Equation: (202) however, it is oftentimes easier mathematically
to convert an impedance into a admittance Y as shown by Equation: (203) which upon
application of the admittance operation to the impedance of a capacitor results in the

creation of the admittance of a capacitor shown by Equation: (204) [16, p.59].

Z=— (202)
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Y= (203)
1
-1
JwC
= JwC (204)

Again from the impedance analyses section the definition of a parallel plate capacitor
shown by Equation: (49) can be substituted into the admittance of a capacitor shown by

Equation: (204) which results in the creation of Equation: (205) [16, pp.59-60].

(205)

Substitution of a complex permittivity shown in Equation: (200) into Equation: (205)
results in the creation of Equation: (206) which effectively describes a capacitance as a

complex permittivity [16, p.60].

_ AS R &
Y = g (7 = 27) <0 (206)

In order to reduce the number of terms substitution for real and complex permittivity
shown by Equation: (207) and Equation: (208) will be performed on Equation: (206) which

results in the creation of Equation: (209) [16, pp.59-60].

e = eleg (207)
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S = eJ¢g (208)
As i m_ s
Y = T (5 —JE ) (209)

A relationship exists between the real part of the conductivity and the imaginary part
of the permittivity as shown by Equation: (210) which is to be expected since the goal of
introducing complex variables in to the equation was to account for conductance effects in

a dielectric material [16, p.60].

e = — (210)

Application of Equation: (210) to Equation: (209) results in the creation of a mixed
permittivity and conductivity representation of the admittance of a capacitor as shown by

Equation: (211) [16, pp.59-61].

(g™ + o™) (211)

Additionally another relationship between the real part of the permittivity and the

complex part of the conductivity exist as shown by Equation: (212) [16, p.61].
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Application of Equation: (212) to Equation: (211) results in the creation of Equation:

(213) which is the admittance of a capacitor in terms of conductivity parameters [16, p.61].
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(o™ + 0™ (213)

Another complex parameter called resistivity p shown by Equation: (214) is defined as
the inverse of the conductivity as shown by Equation: (215) and represents another way in

which a dielectric material can be mathematically described [16, p.61].

T —p® (214)
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Similarly another complex parameter called the modulus (M) shown by Equation: (216)
is defined as the inverse of the permittivity as shown by Equation: (217) and represents

yet another way in which a dielectric material can be mathematically described [16, p.61].
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M= M®+ M3 (216)
1

The last method of dielectric representation which needs to be mentioned is the concept
of loss factor ¢ and loss tangent o which look at dielectric losses in terms of a phase angle

as shown by Equation: (218) and Equation: (219) [16, p.61].

R

¢ = tan~? (;) (218)
R

6= cot™! (5»*) (219)

While all of the mathematical representations discussed above might appear somewhat
redundant and trivial one of the major problems that occurs as a result of all of these
different notations is a very confusing communication barrier that exists between different
bioimpedance related disciplines because each discipline utilizes a different dielectric rep-
resentation for their given application [16, p.61]. Not only does a barrier exist between
different disciplines but the notations have also changed over time which can cause confusion
when examining older research documents [16, p.61]. Because of this broad representation
that the bioimpedance subject as a whole brings to the table it is very important to be
familiar with the common dielectric representations that are available and commonly used

in different disciplines research documents [16, p.61].
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5.5.9 Relaxation and Dispersion

No introduction of dielectrics would be complete without briefly discussing the concepts
of relaxation and dispersion [16, p.63]. Because polarization and the displacement of
charge are processes that cannot occur instantaneously the period of time required for
these phenomena to occur is the starting point for the concepts of relaxation [16, p.63].

The concept of relaxation was first used by Maxwell when looking at the elastic forces
in gaseous substances and it was later utilized by Debye to define the amount of time
it takes a dipolar molecule to orient itself in a given direction [16, p.63]. Relaxation is
generally measured thru the application of a step function in which after the step function
has disturbed the material under examination the material is allowed to relax back to
some equilibrium point and the time it takes the material to return to this equilibrium
point is called the relaxation time [16, p.63]. This relaxation time is dependent upon the
size of the dipole meaning that smaller dipoles will rotate back to an equilibrium point
quicker than large molecular dipoles which take longer to rotate back to an equilibrium
point [16, pp.63-64].

Since relaxation is a time domain concept it is only natural to assume that some fre-
quency domain equivalent also exists and such a frequency domain equivalent is called dis-
persion which fundamentally relates the permittivity as a function of frequency [16, p.64].
A simple dispersion is generally characterized by a defined permittivity at two different

frequencies and a transition region near the relaxation frequency [16, p.64].

5.6 Biomaterials and Electrical Properties

5.6.1 General Properties
As discussed in the section on a review of basic chemistry water plays an important

role in biomaterials because of its unique ability to hydrated a wide assortment of chemical



177

compounds and the unique electrical properties that occur as a result of this ability. Because
water is made up of a combination of two hydrogen atoms to one oxygen atom it can be
concluded that a large majority of the atoms found inside a biomaterial such as the human
body for example will consist mostly of hydrogen and oxygen [16, p.87].

It is predicted that hydrogen is the most abundant element in the human body with
an estimated sixty-three percent of total body composition while oxygen is the second
most abundant element at an estimated twenty-five percent of total body composition
[16, p.87]. Additional elements that are found throughout the body are carbon at an
estimated nine percent total body composition and nitrogen at an estimated one point four
percent total body composition which rounds out the top four elements that are found
abundantly throughout the human body [16, p.87].

While other elements are present in the human body there quantity is not large enough
to be of substantial value however, while these trace elements are insignificant in quantity
this is not to say there contribution to a bioimpedance system as a whole is not important
since elements that produce ions such as sodium are very important for electrical conduction
in a living biomaterial [16, p.87].

To elaborate further on the fundamental composition of an biomaterial the elements
hydrogen and oxygen are the fundamental elements that combine together to create water
and since water as discussed earlier plays a critical role in the biological functionality of
an living biomaterial it becomes very obvious as to why these two elements dominate a
biomaterials composition [16, p.87].

Carbons role in a biomaterial is a very interesting one as a result of carbons very versatile
bonding nature because carbon in some cases will either gain or lose an electron as a result

of its middle of the road valance electron number while nitrogen on the other hand is
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an element that prefers to accept electrons thru the creation of mildly strong covalent
bonds which tends to allow for chemical interaction between many different biomaterial
compounds [16, p.87].

All of these elements as it might be imagined are found throughout most organic com-
pounds such as proteins, carbohydrates, and lipids to name a few examples [16, p.87].
It should also be noted that the explanation provided above behind a biomaterials com-
position is a generalized simplification based upon basic chemical analysis meaning that
there is advanced organic chemical theory in existence that explains why these particular
chemicals are found throughout organic materials which will not be discussed in more detail
[16, p.87]. This lack of discussion is not to say that this information is not important since
there are many theories about the existence and nature of life which are based upon this
information but overall this information is not needed to grasp the basic understanding

needed to model a biomaterial hence why it is not disused in any further detail [16, p.87].
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Figure 38: permittivity of water vs frequency at 0°C ( [314, pp.6-13])

Looking at some of the inherent properties of water for a moment, water in a liquid form
at room temperature has a relative permittivity in the neighborhood of 80 which will vary

inversely to a change in temperature which means that as the temperature increases the rel-
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Figure 39: permittivity of water vs frequency at 25°C ( [314, pp.6-13])

ative permittivity will decrease or when the temperature decreases the relative permittivity

will increase [16, p.87].

This change in relative permittivity can be visually observed over frequency by Figure:

(38), Figure: (39), and Figure: (40) [314, pp.6-13]. These figures conceptually illustrate

how the permittivity of water changes as a result of changes in waters physical structure

which can be easily seen by Figure: (41) in which water at an applied frequency of 100

MHz changes over temperature [314, pp.6-13].
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Figure 40: permittivity of water vs frequency at 50°C ( [314, pp.6-13])

The addition of electrolytes to water will as might be expected lower the relative per-
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Figure 41: &, water vs temperature at 100 mhz ( [314, pp.6-13])

mittivity proportionally to the concentration of the electrolyte dissolved in water so for
example when potassium chloride (KCL) is dissolved by water the relative permittivity of
the water on average will decrease by four for every 250 mmoles per liter of KCL added to
the water [16, p.87]. Pure water will exhibit a Debye dispersion characteristic frequency
in the area of 17 GHz at room temperature which is well above the frequencies under in-
vestigation throughout this thesis meaning that the effects of dispersion for pure water can
be neglected [16, pp.87-88].

Because pure water has a high Debye dispersion frequency all of the interesting phenom-
ena found in a biomaterial with a high water concentration must involve either substances
which are dissolved into water as discussed in the KCL example which shows how a change
in the relative permittivity occurs as a result of concentration and composition or the bio-
material must be chemically bonded to water which would cause a similar effect seen by a
reduction in the temperature of pure water [16, pp.87-88].

Since the effects of aqueous electrolytes modify waters relative permittivity a list of the
common ions found in the human body are hydrogen H ", sodium Na™, potassium KT,

calcium Ca™?, magnesium Mg+?, sulfate SO;2, hydrogen phosphate HPO;?, Chlorine
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Cl™, Bicarbonate HC'Og , and an assortment of different types of proteins in blood can be
researched further in order to obtain a relative idea about what changes to waters relative
permittivity should be expected from their addition to water [16, p.88].

Under most cases the addition of these common ions causes an electrolytic conductivity
increase on the order of 1 Siemen per meter for every percent increase in ion concentration
assuming that total ion concentration is relatively low and the applied frequency is lower
than 10 MHz which is a valid assumption since 10 MHz is well above the frequencies used
throughout this thesis for bioimpedance testing [16, p.21, p.88|.

While proteins that ionize in water increase the overall conductivity as discussed above,
not all proteins found throughout a biomaterial are in an aqueous state and since proteins
make up about sixty-five percent of intracellular mass there relative permittivity should be
considered just on the basis of their large volume in percent composition [16, pp.88-89].

The overall physical classification of a protein is based upon covalent bonds between
amino acids and it should be noted that any protein can be created thru the combination
of one or more of twenty different types of amino acids [16, pp.88-89]. One interesting
phenomena that surrounds a proteins relative permittivity is in the fact that eight of the
amino acids are non-polar meaning that they have no substantial dipole, seven of the amino
acids tend to ionize which results in electrolytic properties, two of the amino acids have
an inherent negative charge, three of the amino acids have a inherent positive charge, and
because of so many different chemical characteristics that a protein could potentially have
makes identifying the relative permittivity quite interesting [16, p.89].

Additionally to make matters more complicated the net charge of a protein is dependent
upon the concentration of the protein and while some proteins such as glycine have no net

electrical charge other proteins could be acidic or basic depending upon their concentration.
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Attempts to apply polar dielectric theory such as Equation: (198) to a isoelectric substance

such as glycine will produce inaccurate results which can be quite problematic when the
exact composition of a substance is unknown as to what equations are valid for a given set
of conditions [16, pp.55-56, p.89].

For this reason total protein composition of the FDI region are both relative to the per-
son and to the moment at which the measurements were taken as a result of the structural
differences between individual biomaterials along with continuous changes which occur in-
side a living biomaterial [16, pp.88-94].

Another material found throughout the FDI region is tissue which because of its inhomo-
geneous composition possesses a wide assortment of possible permittivity values [16, p.99].
Muscle tissue tends to exhibit a higher dielectric loss at low frequencies in the direction of
the muscles conductive channel while at the same time also exhibiting a lower dielectric loss
when measured perpendicular to the conductive channel making the electrode orientation
an important factor when measuring a bioimpedance [16, p.101].

Adipose and bone tissue as would be expected also have a wide assortment of possible
permittivity values that vary depending upon the amount of biological liquids perfused
by the tissue and is typically consider to have a high permittivity at lower frequencies
[16, p.101, p.104]. Blood which is a substance that can be perfused by both adipose and
bone also exhibit capacitive properties at lower frequencies so its introduction or removal
thru perfusion will modify the overall permittivity [16, pp.104-105].

At lower frequencies the stratum corneum has a high permittivity and will dominate
the overall permittivity of the skin unless hydrated or a conductive gel applied between the
electrode stratum corneum boundary because dead biomaterials are generally dehydrated

thus ionic effects that promote conductivity are limited which make permittivity values
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high [16, pp.105-106].

At higher frequencies as the permittivity of the stratum corneum declines and the viable
skin beneath the stratum corneum which is living and hydrated becomes the dominant
permittivity thus because hydrated living tissues can promote ionic movement much better
than dehydrated tissues a steady resistivity at higher frequencies is typically observed
[16, pp.105-106].

It should also be mentioned that additional tissues such as nerve tissue for example
can exhibit non linear behavior because of its inherent ability to be self excitable however
because this biomaterial is only found in high concentrations in the brain this implies that

this biomaterial can be neglected for all intents and purposes in the FDI region [16, p.101].

5.6.2 Interdisciplinary Research and Intra-disciplinary Opinion

The FDI region where all of the bioimpedance measurements were taken is located
between the radio-carpal and the metacarpo bones of the hand as illustrated by Figure:
(42) [26, p.323, p.328] [326].

Upon taking a side profile of this region as shown by Figure: (43) it can be clearly
seen that the FDI region under investigation consist primarily of the muscles of the thumb,
anterior and posterior ligaments, along with additional substances such as nerves, fat, skin,
and blood vessels [26, p.323, p.328, p.377] [326].

While the physical depictions shown by Figure: (42) and Figure: (43) are anatomically
correct a rather large simplification thru the lump sum classification of several physical
structures of the FDI region was made in order to reduce the overall complexity of the
model created [26, p.323, p.328, p.377] [326]. Thus this approximation should be noted
and in the event that some additional phenomena occurs that is not predicted by the

approximated structure additional structural items for the FDI region would need to be
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Anterior View Posterior View
Figure 42: the human hand ( [26, p.323, p.328] [326])
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Figure 43: side profile of fdi ( [26, p.323, p.328] [326])

and could be added to improve the approximation.

Based upon the conceptual impedance path shown by Figure: (43) it could be sum-
marized that the bioimpedance model created of the FDI region would have to take into
account the effects of skin tissues, adipose, muscle tissue, possibly bone tissue, blood, pro-
teins, and various other electrolytes heterogeneously distributed throughout the FDI region
26, p.323, p.328, p.377] [326] [16, pp.87-125].

As discussed throughout this chapter many of these materials within the electrode path
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cannot simply be defined as a constant permittivity value even if the frequency remains
constant because of the inherent chemical properties that dynamically change a chemicals
permittivity based upon many factors discussed in the chapter on bioimpedances from a
chemical perspective such as temperature, pressure and diffusion to provide a few examples.
Additionally complex biological processes in the body which could arguably be classified as
an extremely complex chemical process by definition such as perfusion to give a example
also add yet another way upon which permittivity can change even for a relatively small
electrode path in the FDI region shown by Figure: (43) [26, p.323, p.328, p.377] [326] [16,
pp.87-125].

Because noninvasive methods of measurement are being used to obtain bioimpedance
measurements these material considerations along with the noninvasive limitations of not
being able to perform in vitro experiments to determine internal impedance parameters
makes absolute modeling all but impossible [16, p.115]. However, a total bioimpedance
approximation of the FDI region can be made by using bioimpedance spectroscopy along
with some predictions about some of the internal biomaterial components can be made thru
the careful selection of input signal, frequency, and electrode conditions. Many techniques
mentioned above were utilized throughout the experimental modeling process with rather
effective results and the chemical dynamics of the materials in the FDI region were also
considered since if a substance is known to be highly capacitive then conceptually it should
not be model as a resistance nor should a resistance be model as a capacitance to provide

a example.

5.7 Medical Applications

5.7.1 Bioimpedance Spectroscopy

Bioimpedance spectroscopy has a rather lengthy history and one of the first docu-
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mented bioimpedance spectroscopy experiments was performed in 1913 by a researcher
named Galler who measured the resistance across the body of a frog [327, p.1]. Galler dur-
ing his research observed significant differences in the resistance between living and dead
biomaterials and such observations paved the way for future bioimpedance spectroscopy
research [327, p.1]. A lot of research has been done in the bioimpedance spectroscopy
field since Gallers time and bioimpedance spectroscopy is now commonly found in various
medical applications to quickly and noninvasively estimate body composition [328].

The bioimpedance spectroscopy systems that are currently used in the medical field to-
day came about as the result of bioimpedance spectroscopy research that was performed in
the twentieth century [16, p.316]. Examples of these early twentieth century bioimpedance
spectroscopy systems can be seen by the apparatus created to measure human specific re-
sistance in 1943 and the apparatus created to measure the impedance of dog tissue in 1956
[329] [330] [331].

These pioneering systems utilized either a two electrode or four electrode configuration
and either injected a direct current or alternating current signal into the medium in order to
obtain impedance information [331]. From early research in this area it was discovered that
two electrode systems were very problematic in performing direct current measurements
since material polarization effects would occur and skew results [188, pp.97-105] [331].
Four electrode systems alleviate this problem by compensating for polarization effects and
have the added advantage of canceling out some of the errors that are associated with
impedance imbalances between leads connected to the measurement electrodes thru crossed
rod compensation theory [332, p.587] [333, pp.42—44] [331] [188, pp.97-105].

Despite the improvements to accuracy that multiple electrode systems provide other

issues surrounding electrode placement arose as a result of the coulombic forces between
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the spectroscopy electrodes and the resulting formation of electric flux that occurs from
those coulombic forces [311, pp.57-64]. These forces cause the measured impedance to be
a function of both the physical structure of the electrode and of the flux path created by
the electrode placement on the biomaterials surface [16, pp.126-152].

An illustration of the differences between two and four electrode systems can be seen
from experimental data collected in which a electrode was randomly orientated on a segment
of horse tissue and the bioimpedance measured was discovered to be almost two times higher
in the two electrode system than was measured in the four electrode system [331]. Further
investigation also revealed that as the four electrode placement was changed variations of
nearly fifty-seven percent were observed between the highest measured impedance value
and the lowest [331].

These measurements neglected ionic electrochemical phenomena and assumed that the
biomaterial under observation responded as a dielectric medium and thus could be modeled
using dielectric theory which employs formulas for known geometric structures of electric
flux thru a material [331] [311, pp.57-64].

Such formulas typically assume certain dielectric properties along with a defined physical
state, typically solid, in order to derive an impedance value [311, pp.57-64] [334, pp.1-74].
However, most biomaterials do not behave strictly as static dielectric since the medium is
typical polarized in nature meaning that additional theory about polar molecules is needed
to account for polarization [335, p.67] [16, pp.86-125]. Such additional theories include
the study of polarized dielectrics in a gaseous state by Debye and expansion of Debye’s
work to handle liquid dielectrics by Cole [336] [337] [338]. Cole later expanded his research
to incorporate observable effects of alternating and direct current by modeling absorption

phenomenon found in polarized dielectrics [339] [340].
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This dielectric research paved the way for component level dielectric modeling tech-
niques which include the Dow method, the Cole parameter method, as well as the frac-
tional impedance pole method and many of these modeling techniques are commonly used
in bioimpedance characterization with varying degrees of success [341] [327, pp.28-29] [338].
While electrode placement, as discussed earlier, is a decisive factor in synthesizing a di-
electric component model, similar effects can occur as a function of the electrodes shape as
clearly illustrated by a experiment which modeled the characteristic impedance of fractal
shaped electrodes [342] [134, pp.79-80].

Additionally, there are significant differences between in vivo and ex vivo electrode
placement that also modify dielectric modeling techniques as observed in various skin depth
characterization experiments that range from surface skin electrode placement to varied
amounts of electrode penetration into the skin [343] [344] [345, pp.62-63].

While ex vivo measurements tend to follow dielectric modeling theory, in vivo measure-
ments are problematic and typically fluctuate rapidly upon electrode insertion [344] [345,
pp.62-63]. From these in vivo experiments it has been discovered that an electrodes com-
position can significantly change the measured impedance value as a result of chemical phe-
nomena such as electrochemical oxidation along with galvanic effects [327, pp.5-12] [132,
pp.784-820] [188, pp.73-105]. To complicate things further, an applied signal will be charac-
terized differently depending upon the electrode composition, thus some types of electrodes
are only usable under well defined conditions based upon the signal that will be applied to
the electrode [345, pp.56-62] [327, pp.5—-12].

Some of the dielectric models discussed above can, in some cases, produce reasonable
approximation to simplistic bioelectrical phenomena [16, pp.260-261]. However, most of

these models make assumptions regarding a linear relationship between a materials polar-
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ization and the electrical field thru the material and such assumptions are not intrinsically
true since nonlinear attributes are prevalent throughout most biomaterials [133, p.141] [134,
p.28].

Additionally, dielectric modeling theory makes the assumption that the material is not
conductive and the only current propagating thru the material is a conceptual displacement
current [311, pp.60—63]. This assumption is somewhat valid in some ex vivo bioimpedance
measurements such as dehydrated skin measurements for example, since dehydrated skin
is electrically similar to a lossy dielectric [345, pp.56-62] [343] [346]. However ex vivo mea-
surements of hydrated skin and deep in vivo biomaterial measurements allow other types
of chemical conductive mechanisms to occur in addition to dielectric related displacement
currents because of the electrodes contact with an electrolyte [134, p.30] [16, pp.86-125].

As a result of the addition of this electrochemical phenomena dielectric modeling theory
alone become inadequate and electrochemical effects must be introduced in the characteri-
zation model [134, p.42]. Such electrochemical effects include accounting for the transport
of ions thru the electrolyte, metal to ionic interfaces that are formed at the electrode
boundaries, and potential gradients that exist or are created as a result of an applied signal
(134, pp.42-72] [188, pp.73-95] [184, pp.1-25].

The process of modeling electrochemical phenomena is extremely difficult and even un-
der the most simplistic assumptions modeling the mass transport of ions thru an electrolyte
requires the application of advanced mathematics [134, p.42]. While the application of
advanced mathematics to model simplistic problems is not a new concept, especially so
in the electrochemical impedance spectroscopy field, biomaterials, while requiring electro-
chemical models under certain conditions, are typically modeled using lossy dielectric theory

[16, pp.86—-125] [327, pp.28-29]. This strict application of dielectric theory is partly because
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most bioimpedance measurements are taken noninvasively ex vivo, since it is speculated
that most people prefer noninvasive ex vivo measurements to invasive in vivo measurements
and because most bioimpedance spectroscopy models are limited in length which allows for
linearization of nonlinear time varying phenomenon into something that can be represented
by a component level model [347] [348] [202] [349].

Most commercial bioimpedance analyzers utilize a four terminal measuring apparatus
that applies a fixed 50kHz signal to the biomaterial under investigation [263]. A sin-
gle frequency restriction of 50kHz was applied because of safety concerns that additional
frequencies could stimulate electrically excitable tissue and to attempt to create a stan-
dardized region of operation that was independent of electrochemical effects [350]. These
commercial devices typically display impedance information in either complex or phasor no-
tation and depending upon the features offered by the manufacture might display values of
permittivity or resistivity depending upon an assumed dielectric structure [350] [263] [351].

Commercial devices that display structurally dependent parameters typically expand
the single frequency restriction to include multiple frequencies in order to obtain more
information to aid in model parameter synthesization [263]. As it would be expected,
the addition of multiple frequencies opens the possibility that electrochemical phenomenon
can occur, as discussed earlier, which can distort model parameters along with safety con-
cerns arising regarding the effects of additional frequencies on electrically excitable tissue
[350] [134, pp.42-72] [188, pp.73-95] [184, pp.1-25].

While there are many design considerations that are taken into account during the
development of a commercial spectroscopy systems, the fundamental objective of these
systems is to estimate a number of different biometric parameters including, but not lim-

ited to, whole body impedance, total body water, fat-free mass, adiposity, body cell mass
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and tissue impedance [33] [351] [350] [114] [352] [353] [354]. These biometric estimations

are made by application of logical assumptions regarding the geometric structure of the
biomaterial under observation based upon electrode placement and applied signal char-
acteristics [114] [351]. Many of these biometric estimations make the assumption that
because bioimpedance’s are a function of electrolytic concentration thus some correlation
must exists between a bioimpedance and a particular biometric parameter [114] [351].
While there are a substantial number of studies which illustrate that such correlations
exist, there is no definitive bioimpedance spectroscopy to biometric formulation because of
the number of factors that can significantly change results in a bioimpedance measurement
[341] [355] [350]. Some of the problems that prevent definitive formulation were mentioned
earlier, however, additional sources of correlation error can occur as a result of patient
studies that do not correctly account for parameters such as age, gender, height, body
structure, race, and overall health [112] [356] [357] [358] [359] [360] [361]. Furthermore,
apparatus distortion can bias measurements if not taken into account and the effects of stray
capacitance from electrode leads not only presents a potential safety hazard from leakage
current in microshock friendly patients, but can skew measured results [112] [113] [123].
However, bioimpedance spectroscopy biometric correlation has proven that accurate
results can be obtained provided that consistency exists in measurement procedure, condi-
tions that induce electrochemical dependent phenomena are avoided, safety procedure are
followed, and that biometric correlations are only applied based upon a matching reference
population [362] [363] [364]. With this in mind, there has been a growing initiative to
create a public domain bioelectrical impedance database in order to improve the accuracy
of biometric correlations from bioimpedance measurements [364]. While the cataloging of

large scale bioimpedance measurements is one method to improve biometric correlations
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alternative techniques which attempt to characterize individual component of the body
are currently being explored along with statistical estimation methods to predict biometric
correlation factors [365] [32] [366] [367] [368] [369] [370].

Considering all of the topics discussed above it can clearly be seen that bioimpedance
spectroscopy is a subject that started out because of a fundamental curiosity about how
electricity interacts with living things [16, p.i-p]. Such curiosities were further enthralled by
scientific discoveries that resulted in both additional research being conducted along with
the development of commercial devices that attempt to characterize human health by mak-
ing predictions about biometric parameters [16, p.i-p] [263]. While it is true that biometric
predictions are very volatile by their inherent nature, this in turn implies that there is a lot
of room for growth within this subject thru additional research that will hopefully reduce
the volatile nature of measurements obtained and thus increase the accuracy of biometric
predictions [370] [112]. It is this underlying reason that makes application of the research
conducted throughout this dissertation in relation to bioimpedance spectroscopy a point of
particular interest since any improvement in this subject, even very small improvements,

has the potential to result in the improvement of the quality of a person’s life.

5.7.2 Bioelectrical Signal Acquisition
The term bioelectrical signal acquisition is a somewhat ambiguous definition that is used
throughout this dissertation to describe all passively measured bioelectrical phenomena.
While ambiguity in general is typically frowned upon throughout the scientific community
it is a necessary evil in this particular case because other disciplinary definitions tend to
encompass more than just the act of measuring bioelectrical phenomena or fall short of
being an accurately descriptive term.

An illustration of this point can be found in the term biophysical measurement in which
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the keyword biophysical is the adjective form of the word biophysics that is used to describe

a sub discipline of biology that primarily studies biological structures along with related
biological processes [371, p.122] [308, p.205]. While it is very probable that an electrical
signal will be recorded during a biophysical measurement, biophysical measurements are
not limited to electrical measurements and the definition of the word inherently implies
that the information collected will be correlated to some type of biological structure or
process which results in the term having implications that makes it ill-suited to be used
throughout this dissertation as a accurately descriptive term [371, p.122] [308, p.205].

Another illustration of this point can be found in the disciplinary term electrophysi-
ological measurement in which the keyword electrophysiological is the adjective form of
the word electrophysiology that is used to describe a sub discipline of medical sciences
that studies the correlation of electrical phenomena to an observable physiological process
(308, p.577]. While a very strong similarity exists between the passive measurements taken
throughout this dissertation and the method in which most electrophysiological measure-
ments are taken. Dissimilarities arise because of the assortment of electrophysiological
measurement techniques in practice along with the various types of physiological corre-
lations performed on collected data that goes beyond the scope of measurements taken
throughout this dissertation [372] [308, p.577].

A final illustration of this point can be found in the generic term electrogram where by
its early definition is described as any electrical measurement that is physically recorded
or by its more modern electrophysiology definition represents any bioelectrical signal that
is recorded [308, p.575] [373, p.266] [371, p.387]. While the term electrogram, which at
first does appear to accurately describe the process of performing a passively measured

bioelectrical signal, presents a weakness upon further examination because this definition
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lacks a stringent implication about how the data will be used [308, p.575]. While one

might argue that based upon the vague introductory description initially provided that
the term electrogram matches perfectly, however, as it will soon be discussed, the goal of
bioelectrical signal acquisition extends beyond the scope of only performing a bioelectrical
recording thus making the term ill-suited to be used throughout this dissertation as an
accurately descriptive term.

Upon taking into consideration all of the hidden implications discussed above results in
the conclusion that it is absolutely imperative that a formal definition be selected that is
capable of both accurately representing the types of measurements taken and describes the
overall purpose for taking such measurements without the introduction of any disciplinary
bias. Thus it was decided that rather than trying to amend an existing disciplinary biased
definition, such as the definitions discussed above, that a somewhat abstract term bioelec-
trical signal acquisition would be used to describe the measurements performed throughout
this dissertation and formally defined in a way that would significantly reduce the occur-
rence of disciplinary bias while clearly articulating the goals of the measurements taken.

To this end, before formally defining bioelectrical signal acquisition the intrinsic defini-
tion of the word should first be examined. The term bioelectrical is formally defined as the
integration of biological and electrical theory into a unified subject while the term signal
is defined as a transitory electrical change that is typically used to exchange information
between electrical devices [374, p.83, p.838]. The last term acquisition is defined as the act
of obtaining electrical data and assessing this obtained data in a way that implies some-
thing more than data collection occurred but something less than data analysis occurred
(374, p.8]. Based upon the linguistic definitions discussed above, bioelectrical signal acqui-

sition, in its intrinsic context, implies that biological theory along with electrical theory was
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applied to an observable bioelectrical phenomenon such that any bioelectrical phenomenon
detected is recorded and preliminary assessed [374, p.8, p.83, p.838|.

The intrinsic definition of bioelectrical signal acquisition can be refined by restricting the
signals being observed to only bioelectrical phenomena that is observable via ex vivo skin
contact and to measurements taken by laboratory apparatus designed to emulate observable
ex vivo bioelectrical conditions. To further refine this term, bioelectrical signal acquisition
only occurs if the source of the signal under observation is isolated by a bioelectrical medium
such that the process of observing the originating signal can be represented by the addition
of an infinite parallel impedance to the original signal model.

Fundamentally, this bioelectrical isolation implies that the electrical grounds between
the originating signal and the point of observation are different. Such differences between
grounds are easily illustrated by considering how bioelectrical phenomena produced within
the body can be measured from the surface of the skin without the physical existence of a
common ground between the in vivo signal and the ex vivo measurement [375] [376] [377,
p.79-91]. While assumptions regarding isolated grounds are typically valid throughout
bioelectrical signal acquisition, there are cases in which such assumptions are invalid. To
illustrate this point, consider the case in which bioimpedance spectroscopy is used to inject
a signal via ex vivo skin contact and bioelectrical signal acquisition is used to observe the
effect. Under these conditions it is possible that the bioimpedance spectroscopy apparatus
ground can be connected to the bioelectrical signal acquisition apparatus such that no
grounding differential exists between the two devices. It is important to note that while
electrical isolation is a requirement for the occurrence of bioelectrical signal acquisition a
formal definition of ground is not required thus careful consideration about what potential is

being observed by the bioelectrical signal acquisition apparatus must be taken into account
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prior to signal analysis.

While the refinements discussed above help clarify what bioelectrical signal acquisition
is, at this point one obvious ambiguity remains regarding the preliminary assessment stage
of bioelectrical signal acquisition since by its inherent definition it was implied that some
type of basic signal processing was performed on the measured signal yet no details have
thus far been discussed [374, p.8]. To clarify this ambiguity within this dissertation, it
can be assumed that signals obtained using bioelectrical signal acquisition have been dis-
cretized, scaled, and smoothed in order to reduce noise. Furthermore it is to be expected
that measured data will be processed such that either an electrical model of the isolated bio-
electrical medium is synthesized or predictions about the original signal source are created
based upon an existing isolated bioelectrical model.

One minor caveat should be noted regarding the declaration of the term acquisition in
respect to any topic related to commercial implementations of bioelectrical signal acqui-
sition devices. Under these circumstances it should not be assumed that discretization,
scaling, and smoothing of the signal under observation by the commercial device was per-
formed. However, It is important to note, that under these particular circumstances, the
term bioelectrical signal acquisition still implies that an ex vivo bioelectrical isolated signal
is being measured just no assumptions should be made regarding what processing steps are

performed after this measurements is taken.

5.7.3 Safety Considerations
Because electrical safety in the medical field is a subject of significant concern, commer-
cial systems are inherently designed to limit applied current to avoid causing macroshocks
and microshocks [350] [123]. Such designed constraints significantly reduce the risk that

ventricular fibrillation will occur as it should be noted that ventricular fibrillation is the
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most common cause of death from electrical shock [123] [378]. Ex vivo along with some
in vivo electrode configurations only have to consider macroshock conditions since the
amount of current that could conceivability flow thru the body and its numerous inhomo-
geneous conductive paths would be unable to cause electrical excitation of the heart tissue
[119] [123] [378] [124].

However, internal body impedances tend to remain somewhat constant at a given fre-
quency when compared to skin impedances which fluctuate significantly depending upon
the skins electrolytic hydration, whether it be natural hydration such as sweat or ar-
tificially applied electrolyte, and the fact that in vivo measurements bypass the skins
impedance, lower macroshock thresholds have to be considered when such circumstances
exist [379] [123] [124].

Guidelines for generic ex vivo safety conditions are set near 500pA while in vivo and
high risk ex vivo safety conditions reduce this number to around 100pA [123] [124]. While
a 100pA safety limitation is sufficient for most medical circumstances it is not enough
protection for patients that have an intracardiac catheter which bypasses both skin and
body impedance by touching heart tissue directly via in vivo catheter [123] [120] [380].
When conditions exist, such that an electrical shock can be received as a result of electrical
contact with heart tissue, this condition is classified as a microshock condition [123] [120].
Guidelines for microshock safety conditions are set near 10pA in order to prevent ventricular
fibrillation from occurring from a electrical shock as a result of direct contact with heart
tissue [123] [122].

The safety guidelines discussed above are defined primarily for 60Hz transmission line
signals and while a few investigative studies have been done to observe the effects of fre-

quency on the occurrence of ventricular fibrillation a complete broad-spectrum study is not
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a subject that is fully discussed [123] [124]. However, some research into the effects of

broad-spectrum frequencies on human body impedance has been done in relation to their
electrical hazard and the general consensus from these studies is since body impedance
changes as a function of frequency that some frequencies are statistically less likely to
be electrically hazardous than others [381] [123] [120] [378]. Conceptual justification of
this finding is inherently apparent based upon common observation from linear Impedance
analysis and thus it would intuitively be expected, but not inherently known, that it is
easier to experience an electrical hazard at some frequencies but not others [136, pp.284—
204] [123] [120] [378].

As mentioned earlier, averages of the body impedances at 50kHz has revealed higher
impedance values than those measured at 60Hz which is one reason why a commercial
bioimpedance spectroscopy system designer would choose to operate the device at 50kHz
rather 60Hz [350] [381]. However, bioimpedance spectroscopy systems that operate at
multiple frequencies have to take into account how the body’s impedance changes as a
function of frequency in order to maintain safety standards and as it might be expected,
the design process required to implement a single frequency current limiting system is
less involved than the implementation of a multi-frequency current limiting system [382,
pp.1.56-1.112] [377, pp.499-558] [123].

While design considerations effectively nullify macroshock possibilities in commercial
implementations of bioimpedance spectroscopy systems microshock protection is a sub-
ject that remains somewhat unknown since there are no formal safety standards for these
devices [350] [123] [124]. Because microshock can be caused by exposure to leakage cur-
rent and the amount of leakage current that bioimpedance spectroscopy systems emit has

not been characterized in sufficient detail, some reservations remain about whether or not
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bioimpedance spectroscopy systems can safely be used in a microshock friendly environment
[350] [123]. Despite these concerns, there is a general consensus amongst the bioimpedance
spectroscopy community that bioimpedance spectroscopy systems are safe to use as long
as careful thought is given to macroshock and microshock conditions in both apparatus

design and electrode placement [350] [123].



CHAPTER 6: EXPERIMENTATION AND RESEARCH RESULTS

The acquisition of high fidelity bioelectrical measurements, at its most rudimentary
level, begins with the selection of a specific research objective, such as measuring the
electrical signals produced by the human heart, after which some type of scientific instru-
mentation is then utilized to acquire pertinent information regarding this objective, and
— assuming that the information obtained is both metaphorically good and beneficial —
can then be analyzed, mathematically modeled, and — hopefully — utilized in a way that
allows for the intellectual advancement of the intended subject. Nevertheless, while such
descriptions could effectively summarize the majority of most contemporary scientific re-
search methodologies currently being implemented; however, to be fair in such assessments,
because the scientific method — a methodological research procedure that appears within
most academic text in six or more concise steps as: formulating the problem, constructing
the model, testing the model, deriving a solution from the model, testing and controlling
the solution, implementing the solution —, is the metaphoric “cooking 1017 recipe that
most academic researchers are trained to follow — and for very good reason too! —, such
reoccurring methods would appear to be both theoretically sound and expected within any
scientific publication [11, p.26] [16] [97].

Yet, while it is true that the vast majority of scientific research begins with the uti-
lization of such intellectual methods and should inevitably apply the, previously listed,
methodological procedures; however, it is also important to recognize that the method-

ological order actually implemented — or metaphoric methodological path taken — upon
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application of such procedures is seldom ever the same between implementations, in so
far as, methodological iteration — of the steps previously listed — is a common occur-
rence and such iteration can make the — cumulative procedural methodology followed — a
touch more complicated than the simplistic application of six — seemingly straightforward
— methodological steps in a chronological order [49] [11]. Likewise, while such informa-
tion typically falls under the purview of academic common knowledge, insofar as, these
iterations are seldom ever openly discussed beyond a rudimentary acknowledgment that
the scientific method was, in fact, implemented — and even then, such concepts are seldom
considered beyond a subconscious, or intuitive level [49] [11]. Nevertheless, because such
information is fundamentally important — though admittedly not substantially intrusive
—, and given the interdisciplinary foundations of the subjects being examined, it is worth
mentioning that the original foundations upon which this dissertation was begun was to:
expand upon the previous noninvasive investigation into the electrical properties of the FDI
region of the human hand, attempt to determine the feasibility of detecting the point of
origin of a FDI muscle movement, and attempt to determine the viability of artificial FDI
muscle stimulation [1] [2] [16] [97].

Yet, to highlight the hidden role that methodological iteration can play within scientific
research, as the objectives — listed above — were studied, the inevitable — but highly
unconsidered — process of scientific methodological iteration occurred, and refinements to
these — previously listed — objectives were made — such refinements typically resulted
in examining unincorporated real world considerations that were inherently overlooked —,
and — as a result — these, previously listed, objectives were periodically modified, reduced,
or expanded in order to aid in obtaining an overall, metaphorically better understanding of

the subject as a whole. Thus, to elaborate upon such occurrences further, consider for the



202

moment how an investigation into the noninvasive electrical properties of the FDI region of
the human hand might result in additional inquiry regarding the conductive properties of
aqueous sodium chloride — since normal saline is a dominant material within the human
body [383] [1] [16] [97]. Likewise, how an investigation into measuring passive FDI muscle
movements might result in the inclusion of high fidelity electrical instrumentation research,
while prompting an investigation into the electrical properties of the FDI region of the hu-
man hand, thus diverting the topic of observation from predominately EMG measurements
to passive EKG measurements that — ironically — spawned a in depth investigation into
radio frequency (RF) convection currents, because of a perceived correlation between hu-
man interactions and the electrical distortions encountered. Similarly, how the process of
determining the viability of FDI muscle stimulation might result in additional investigation
into the usage of a pseudo-modulated resistive loading technique, a brief examination of
the usage of a Wein bridge oscillator as a material characterization device, and possible
discovery of, what can only be loosely surmised as being, a low frequency liquid diode
effect.

While this particular progression tends to overly exemplify the definition of the term,
methodological iteration; yet it is important to take note of how a few seemingly straight-
forward scientific objectives can substantially expand — particularly upon researching a
subject that requires prerequisite interdisciplinary knowledge — into a unique and complex
methodological structure that is far from being intuitive. Yet while such complexities, at
least upon reflecting on the underlying interdisciplinary nature that is inherently associated
with such topics; while, at first appearing somewhat arbitrary, are in retrospect, actually
a highly logical and straightforward progression that has simply been obfuscated by the

introduction of interdisciplinary concepts and the rigors of iterative research methodology
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[49] [11].

6.1 Overview, Objectives, and Contributions

The fundamental rationale behind the experimentation and research results section was
to develop a methodology — as shown by Figure: (44) and Figure: (45) — to obtain the
highest fidelity bioelectrical acquisition possible. Likewise, during the development of this
methodology a number of obstacles were discovered that had to be investigated in order
to create a solid theoretical foundation to build upon. Conversely, the discovery of such
problems during the development of this high fidelity acquisition methodology was part of
the unique contributions presented within this dissertation, while the solving of some of
these problems discovered constituted another part of the contributions presented. Sim-
ilarly, during this investigation process, it was discovered that classical transmission line
theory is not applicable to many of today’s common transmission line structures such as
striplines, microstrips, and instrumentation probes because they are unbalanced. Likewise,
based upon such assessments the classical transmission line theory was expanded into a
new fundamental theory that is applicable to all two-conductor transmission lines, by the
inclusion of theory that describes the generation of nonlinear convection currents — the
mysterious common-mode current — and includes its radiation parameters in the trans-
mission line equations developed. Additionally, during this investigation process, it was
also discovered that both aqueous sodium chloride solutions and human biomaterials ex-
hibit unique nonlinear electrical properties and a number of methods were developed to

examine, describe, and account for such effects.
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6.2 Defining the Term High Fidelity
Nevertheless, upon setting such notions aside for personal reflection, it would seem both
natural and logical to begin presenting the information obtained, from investigating the,
previously mentioned, objectives — and there iterative consequences —, by first examining

the fundamental terminology applied to describe those objectives, and while there are a
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number of research related terms that need to be addressed, the implications associated with
the term high fidelity (HI-FI) is a reasonably, metaphorically good, starting point. Likewise,
while the term high fidelity, despite being frequently utilized to describe audio devices, is
in fact, a rather ambiguous term that seems to impart the preconceived notion that —
perhaps thru means of marketing black-magic and supernatural business invocations — a
high fidelity device is fundamentally better than a device that is not categorized as such,
and despite their being some merit in accepting such assumptions at face value — on some
rare occasions —, the existence of such ambiguity, particularly within scientific research, is
oftentimes more harmful than good [384, p.391] [385] [30] [165]. Yet, while describing the
term high fidelity as ambiguous might feel somewhat unnatural, after all, generally when
the term high fidelity is utilized, particularly within the sciences, metaphoric good results
or profound improvements seem to shortly follow; however, further inquiry into the actual
standard behind the term reveals that there is, in fact, no definitive standard, “per se” ! ,
at least by contemporary IEEE standards, nor does any consistent criteria to the terms
usage seem to arise — although there is a presumptuous claim by a English man, named
Henry Alexander Hartley, who in circa 1927 supposedly invented the term to promote the
creation of a audio reproduction standard — [384, p.391] [385] [30] [165] [386]. Likewise,
based upon such observations it can be concluded that — at best — the only attribute
that seems to remain consistent — when it comes to the usage of the term — is that the
terms seems to appear within the title of a multitude of academic publications year after
year [384, p.391] [385] [30] [165].

Thus while the usage of this term, at least within this particular context, would seem

to be more of a positive adjective for a scientific improvement rather than any specific and

' Latin phrase for: by itself.
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measurable quality; yet an unspoken social connection also seems to be attached to the
terms usage, in so far as, the term seems to invoke the feeling that something far superior
has occurred rather than simply a meager improvement [384, p.391] [385] [30] [165]. After
all, it would be hard to rationalize, at least based upon the terminology utilized — especially
within the contemporary American consumer marketplace — that a consumer, at least
after being given the choice to select between an improved device or a high fidelity device
— naturally assuming the prices are the same —, would select the improved device —
without some prior inquiry into the term high fidelity —; since the term high fidelity tends
to impart that some type of standard does in fact exist [230] [198] [253]. Yet, while such
observations tend to invoke some metaphysical inquiry, a point that was rationalized and
explained in previous chapters; however, the frequent appearance of the term, despite its
inherent ambiguity, does seem to impart the existence of some commonality in the terms
usage: First, because when the term appears, particularly within a scientific publication,
it seems to correspond with the introduction of a potential methodological standard, hence
one possible explanation for the terms frequent association with some type of quantitative
attribute. Second, because such associations are frequently made, the term would seem to
be more accurately surmised as being a contemporary technological benchmark rather than
simply a quantitative improvement. Third, because the term is typically associated with
the existence of some type of implied standard, such implications also tend to impart the
existence of technological maturity, since a standard can only typically arise after a period
of lengthy testing, and such implications also tend to impart contemporary practicality and
stability over cutting-edge novelty and possible uncertainty.

While such observations are predominantly considered, at least by most academics, to

be inherently anecdotal — although there is some empirical support for such descriptions
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and a few qualitative studies that attempt to address such metaphysical attributes — how-
ever, because such notions do tend to extend well beyond the intended scope of discussion,
as the acknowledgment that such ambiguity does exist is far more relevant than attempt-
ing to clarify the why and the how [385] [30] [165] [386] [230] [198] [253]. Thus, upon
taking such attributes under advisement, it would now seem prudent to carefully articulate
the quantitative attributes, or standards, along with any assumed implications that are
attached to the usage of the term, high fidelity, within the confines of this dissertation.
Likewise, to begin clarifying such attributes, it should be noted that the usage of the
term, high fidelity measurement, once again within the confines of this dissertation, was
not intended to be a descriptive standardized term, “per se” ! , insofar as, associating a
set of attributes with signal acquisition parameters, but rather, its usage was intended
to associate the information being presented — within this dissertation — as a viable
contemporary review of the current standards being implemented and there applicability
— or inapplicability — within the bioelectrical research area, while also attempting to
provide a contemporary framework for the acquisition of bioelectrical signals — which
also includes some processing and reproductive elements. Conversely, while the inherent
implications that are associated with the introduction of such attributes represents, as it was
previously mentioned, a possible, feasible, and logical — metaphoric next step — to creating
a bioelectrical high fidelity standard that could become commercially viable, although
the inclusion of more — fundamentally mature — interdisciplinary concepts would be
inherently necessitated. Yet, while such attributes are more of a musing than being anything
remotely of future relevance; however, it is important to recognize that the predominate

invocation of the consumer term — high fidelity —, while being visually stimulating, does

' Latin phrase for: by itself.
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not inherently imply the restriction of research topics to just progressive improvements nor
to mature theoretical applications — as some cutting-edge and commercially immature
processes will be examined — within this dissertation — that the term — high fidelity —
would — indeed —- not inherently included by its most common utilization.

Thus, upon taking such attributes under advisement, it is reasonable to begin defin-
ing the term, high fidelity, at least within the confines of this dissertation, based upon
its application to the process of signal acquisition and signal reproduction. Likewise, such
beginnings, because they are predominantly described using electrical engineering terminol-
ogy, are typically best defined by the following parameters: bandwidth, direct current (DC)
offset, dynamic range, quiescent or bias conditions, and other electrical and physical limi-
tations. Furthermore, such quantitative parameters are typically governed by conditional
circumstances, such as: environmental effects, instrumentational effects, and material ef-
fects, and while, under most circumstances, such quantitative parameters, are typically
presented within a — worst case scenario — surmised singular value — that is naturally
based upon some in-depth analysis of these conditional circumstances; however, the process
of defining a new — high fidelity — specification tends to require that such conditional cir-
cumstances are both isolated and examined prior to parameter summarization, thus making

it necessary to examine each of these listed effects in further — individual — detail.

6.2.1 Overview, Objectives, and Contributions
The fundamental rationale behind the defining the term high fidelity section was to
define and provide information regarding a — generally unavoidable and innately existent
— electrical phenomenon that routinely diminishes the overall electrical fidelity of nearly
all commercial and experimental bioelectrical devices utilized for both passive and ac-

tive biomedical applications, define and demonstrate information regarding the commonly
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identifiable — within contemporary literature — sources of distortions within biomedical
devices — like quantization error, sampling, inadvertent filtering, bandwidth, phase in-
version, clipping, clamping, truncation, parasitic and feedback problems, and define and
demonstrate information regarding the commonly identifiable sources of distortion within
bioelectrical acquisitions that — while arguably could be categorizable as being instru-
mentational in origin, at least depending upon the categorizing criteria utilized — were
classified by the term material effects — within this dissertation — because of their in-
trinsic association — in terms of manifestation — with the objective being examined —
as depicted by Figure: (46). Furthermore, the problems discovered within this section
— predominantly concerning reduction in acquisition fidelity — were examined, methods
developed to compensate or resolve such problems, and the foundation setup for further —

in depth— development of the previously discussed high fidelity bioelectrical acquisition

methodology.

6.2.2 Environmental Effects

One of the fundamental rationales behind the environmental effects section was to de-
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fine and provide information regarding a — generally unavoidable and innately existent
— electrical phenomenon that routinely diminishes the overall electrical fidelity of nearly
all commercial and experimental bioelectrical devices utilized for both passive and active
biomedical applications. Additionally, this section endeavors to collectively present such
information in a manner that is both unique and directly applicable to the advancement
of bioelectrical instrumentational research while, at the same time, providing the environ-
mental conditions that existed within the research laboratory utilized upon acquiring the
bioelectrical measurements presented within this dissertation. Likewise, this section — af-
ter defining formal definitions — provides examples of actual — real world — operational
environmental conditions that are inherently present within the majority of all bioelectri-
cal devices currently utilized — including both contemporary consumer and experimentally
created devices — and then isolates the environmental effects observed into categorizable
quantities — either synthetic or natural in origin. Conversely, the methodology developed
— as outlined within Figure: (47), Figure: (48), Figure: (49), and Figure: (50) — to

perform this isolation and separation task is both profound and unique for a multitude of
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reasons.

First, this method’s overall ease of implementation within contemporary microproces-
sor architectures — an attribute deliberately considered during its development —, allows
for this methods implementation without a substantial amount of hardware modification
or additional cost to most contemporary biomedical devices currently in production. Sec-
ond, unlike contemporary reductive methods that either removes environmental effects
through the usage of a somewhat arbitrarily selected static signal processing filter — like
physical Butterworth or Chebyshev filtering or DSP techniques like FIR — or through
the implementation of predictive feedback techniques — like Kalman or Wiener filtering
—, this method was designed to permit easy access to information regarding the current
environmental effects encountered by the biomedical device — as this information is an
extremely good metric of measuring the environmental distortions encountered — and,
upon incorporating this information into spectral filtering techniques, the environmental
effects encountered can be attenuated in a less intrusive manner than those traditionally
obtained through the utilization of static signal processing techniques or without the in-
herent difficulties found within feedback reductive techniques — like coefficient selection
for all operational environments or dampening problems. Third, because this method is
extremely effective at providing an accurate description of the current environmental effects
encountered by the biomedical device being utilized for any given operational environment
— in the case of biomedical acquisition devices — the inclusion of this information along-
side acquired biometric data would go a long way in reducing the contemporary ambiguity
between biometric data comparisons within the biomedical research community, and help
increase the confidence in biomedical correlations — particularly within the bioimpedance

spectroscopy research area — between observed biometric data and a observed medical
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or material characteristic. Fourth, because biomedical applications have an assortment of
diverse end user applications — some of these applications focus on signal recognition than
the overall signal fidelity, as is the case within normal EKG applications — this method
can also be easily incorporated into existing static filtering implementations — although
notable differences in the environmental effect profile obtained will be noted at filtered
frequencies — or into more advanced reductive feedback techniques — noting that con-
trol coefficients can be dynamically adjusted based upon the results obtained from the
usage of this method — in cases where classical reduction techniques are mandated by the
application but the descriptive capabilities provided by this particular method is desired.
Lastly, in cases where physical black box input testing is required to validate a biomedical
devices overall susceptibility to environmental effects — an attribute that can help ensure
operational stability of any feedback techniques implemented —, this method allows for
the synthesization — thru mathematical formulation and later function generation — of
signals that can accurately represent actual environmental conditions acquired by an oper-
ating biomedical device, and such capabilities are particularly beneficial when attempting
to duplicate an observed biomedical acquisition — an attribute that further endorses the
proposed concept of including the results obtained from the usage of this method in con-
junction with acquired biometric data, especially within characterization applications were
fidelity is of paramount importance. Likewise, after the in-depth examination of both the
— previously discussed — extraction method developed and the environmental conditions
routinely encountered by contemporary biomedical devices in common commercial usages,
the importance that physical shielding has upon the — previously observed — environmen-
tal effects encountered was examined in order to obtain quantifiable metrics regarding the

amount of reduction generally obtained upon the implementation of these physical reduc-
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tion techniques — like the usage of a biomedical device within an RF shielded enclosure;
noting that this particular attribute has not been thoroughly examined within contempo-
rary bioelectrical research beyond the simplistic operation within a RF shielding enclosure.
Conversely, the metrics obtained during this inquiry into physical shielding — of both the
partially shielded and fully shielded scenario — reveals that substantial reduction in the
environmental effects encountered can be obtained through the usage of physical shielding
techniques — an attribute that was expected — and such observations quantitatively reveal
that biomedical devices operating within a physically shielded environment will encounter
— depending upon the amount of physical shielding utilized — between 20 to 50 percent
less environmental distortions through the utilization of such techniques, and while it is
difficult to translate this reduction into a metric of overall device improvement — as such
metrics are application specific —; however, within biomedical signal acquisition appli-
cations, such reductions were found to be substantially profound and in some instances
— particularly within sSEMG acquisitions — arguably constitutes a one-to-one improve-
ment after instrumentational CMRR reduction was considered — an attribute that was
not expected. Furthermore, the methodology developed was then utilized to profile and
mathematically represent the physical shielded cases selected — partially and fully shielded
—, and an overall analysis was conducted in order to both profile the fidelity of the bio-
electrical measurements taken — within this dissertation — and to provide an example
of how the methodology developed can be utilized in conjunction with existing biometric
collection methods.

Thus, with this being said, environmental effects, while in some instances possessing
highly localized and conditional characteristics, are predominantly considered stochastic

and continual. Likewise, such effects typically fall into one of the following categories:
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synthetic environmental effects, or natural environmental effects, in which synthetic envi-
ronmental effects are best described as being an artificial source of electromagnetic (EM)
radiation that generally permeates everything that interacts with it, such as the 60Hz EM
radiation produced by power lines [387] [226]. Conversely, natural environmental effects,
while theoretically similar to synthetic environmental sources of EM radiation, generally
fall into one of two additional sub environmental classifications: macro-natural environmen-
tal effects, or Micro-natural environmental effects, in which macro-natural environmental
effects are generally described as being natural large-scale sources of EM radiation, such
as atmospheric impulses — like lightning — or other space related EM sources, while
micro-natural environmental effects, in contrast, are generally described as being small-
scale sources of EM radiation, such as thermal emission [388] [387] [226] [389].

Yet, while the isolation and categorization of individual environmental effects has its
place within certain academic research areas — after all the industrial electronics research
area has utilized synthetic environmental modeling for load identification, while the re-
search area of material science has frequently utilized natural environmental modeling dur-
ing the development of an assortment of applications; however, such characterization, at
least beyond a basic level, or more precisely beyond the collective categorization of obvious
synthetic versus natural sources of EM radiation, becomes more of a theoretical exercise,
if not an anecdotal exercise, since such classification is generally not beneficial, at least
beyond this basic level, because of the collective nature of EM environmental effects that
tends to prevent the accurate isolation and direct identification of individual sources of
EM radiation upon broad spectrum acquisition [388] [387] [226] [389] [36] [203]. Thus,
upon considering such attributes, to begin a basic characterization of such environmental

parameters, while also, for the moment, neglecting the undiscussed topic of instrumen-
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tational effects, considered the following unshielded high impedance (High-Z) laboratory

measurement taken within a typical small commercial structure (SCS) as shown by Figure:
(51).

Likewise, visual inspection of Figure: (51), appears to depict a relatively small ampli-
tude pseudo-periodic and partly stochastic signal that provides a reasonable representation
of how environmental effects collectively manifest themselves upon experimental or com-
mercial measurement instrumentation, and such observations also represent the laboratory
environmental conditions that existed when unshielded measurements were taken by labo-
ratory signal acquisition equipment within this dissertation. Thus, to begin analyzing and
characterizing the unshielded environmental conditions, as shown by Figure: (51), a his-
togram with a discrete bin interval of five, as shown by Figure: (52), was created. Although
histograms are seldom ever used within the electrical engineering discipline; however, be-
cause environmental effects have a pseudo-stochastic nature, the examination of a histogram
can be useful in determining the probability distribution of the stochastic component of the
signal, should such a component exist, while, at the same time, also providing some insight

into the electrical symmetry of the signal — although time domain analysis is frequently
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used to accomplish this particular task.

Likewise, visual inspection of Figure: (52) reveals a shape similar to a Gaussian proba-
bility distribution and a somewhat symmetric voltage swing between £40mV. Similarly,
decreasing the discrete bin interval of the X-axis to 15, as shown by Figure: (53), and to
50, as shown by Figure: (54), produces a similar but higher resolution diagram of Fig-
ure: (52) that, with the exception of a few outliers, tends to indicate the same probability
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distribution observed in Figure: (52).

Conversely, traditional frequency domain analysis of Figure: (52) — accomplish primarily
through the Discrete Fourier Transform (DFT), or more specifically through the utilization
of the MATLAB Fast Fourier Transform (FFT) algorithm — yields a periodogram, as shown
by Figure: (55), that indicates the existence of both synthetic EM sources — predominantly
60Hz EM radiation and its harmonics — along with other natural stochastic EM sources.

Likewise, the real and imaginary coefficients obtained from the FFT operation, at least

upon limiting the viewing area to a single side, can be manipulated into the following form,
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as shown by Equation: (220), in which Ay represents the amplitude coefficients, as shown
by Figure: (56), f represents the frequency, ¢ represents the time, and fr,q represents the

phase coefficients, as shown by Figure: (57).

F(t) = Ay cos 27 ft + ORraq) (220)

Upon reviewing the periodogram, as shown by Figure: (51), the amplitude coefficients, as

shown by Figure: (56), and based upon the observation that periodic synthetic EM sources
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tend to be stronger than natural EM sources, at least within a unshielded SCS environment,
it can be assumed that synthetic EM sources can be separated from natural EM sources
through the isolation and manipulation of the calculated FFT coefficients. While there
are a number of digital signal processing (DSP) paradigms available to accomplish this
specific task, the methodology selected attempted to isolate the synthetic EM sources from
the natural EM sources, as previously mentioned, by selecting pertinent coefficients above
or below the average natural EM signal floor depending upon the desired environmental
model needed [390] [107].

Thus, to begin utilizing this process to separate definitively synthetic EM sources from
presumed natural EM sources a separation point, or signal floor, must first be established
and a visual inspection of Figure: (51) seems to indicate that the selection of a separation
point that is around three times the mean value of the amplitude coefficients, as shown by
Figure: (58), is a reasonable separation boundary.

Likewise, based upon the separation boundary selected, as shown by Figure: (58), the un-

shaded area represents amplitude coefficients that were extracted in order to synthesize a
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model that represents the synthetic environmental effects observed, while the shaded am-
plitude coefficients were used in determining a stochastic process that models the presumed
natural environmental effects observed. Conversely, this process can be achieved program-
matically using the MATLAB code shown within Appendix E script 1 and Appendix E

script 2.

F(t) = 3 Av(k) cos 2m f(B)E + Braa(k) (221)
k=1

and upon modifying Equation: (220) to incorporate multiple coefficients, as shown by
Equation: (221), the MATLAB code shown within Appendix E script 3 is obtained and
can be utilized to calculate a mathematical model that predicts unshielded SCS synthetic
environmental effects, as shown by Figure: (59). Equally, a formal mathematical expres-
sion can be obtained for the unshielded SCS synthetic environmental effects previously
discussed, as shown by Equation: (222); however usage of such an equation, because of its

significant length, is rather tedious to calculate by hand and is generally calculated using
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the computational method previously discussed.

Sy (t) = 0.00139136 cos (270 + 0) + 0.000768739 cos (270.3 + 0.333263)
-+ 0.000660634 cos (279.6 4 0.189944) + 0.000990404 cos (2710.3 + 2.81991)
-+ 0.00115992 cos (2720.2 — 1.2841) + 0.000739955 cos (2720.3 4 1.94705)
-+ 0.000643065 cos (2729.8 4 0.290192) + 0.000673467 cos (230 — 1.13684)
+0.00127599 cos (2730.1 — 1.20601) + 0.00506458 cos (2730.2 + 1.9924)
+ 0.000843514 cos (2730.3 + 2.26047) + 0.00179242 cos (2740.1 — 1.91432)
+ 0.00073617 cos (2740.2 + 1.29648) + 0.000924165 cos (2750.1 — 2.39735)
-+ 0.000860016 cos (2759.7 4 0.522888) + 0.000869306 cos (2759.8 + 0.641643)
+ 0.00209666 cos (27r59.9 + 0.59827) + 0.0152153 cos (2760 + 0.601839)
-+ 0.00250203 cos (2760.1 — 2.61755) + 0.00102477 cos (2760.2 — 2.60346)
+ 0.000674847 cos (2760.3 — 2.62121) + 0.00061831 cos (2760.4 — 2.24491)
-+ 0.000561792 cos (2770 + 0.987552) 4 0.000861259 cos (2m70.3 — 2.8343)
+ 0.00106032 cos (2779.9 — 2.17911) + 0.000559896 cos (2780.3 — 1.97532)
-+ 0.000735553 cos (2789.7 — 1.27288) + 0.00177789 cos (289.8 — 1.18985)
+0.00177437 cos (2789.9 4 2.0447) + 0.000656547 cos (290 + 1.95337)
-+ 0.000584816 cos (2790.2 4 1.80375) + 0.00137311 cos (2799.8 4 2.3178)
-+ 0.000580476 cos (2r109.5 — 1.43858) + 0.000876143 cos (2109.6 — 1.43795)
+ 0.0040253 cos (27109.7 — 1.18166) + 0.00255694 cos (27r109.8 + 2.06472)
+0.00110232 cos (27109.9 4 1.74666) + 0.000747692 cos (2110 + 1.87743)
-+ 0.000657407 cos (27r119.6 — 2.07662) 4 0.00210412 cos (27119.7 + 1.03554)

+0.00148479 cos (27120 + 2.18964) (222)

Similarly, the coefficients that were previously obtained can be used to create a digital
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mask, or digital notch filter, by using the MATLAB code shown within Appendix E script

4, and the separation mask obtained, as shown by Figure: (60), at least upon visual
inspection, indicates that the coefficients selected are reasonable separation points between
synthetic environmental effects and natural environmental effects, such that the MATLAB
code shown within Appendix E script 5 can be utilized to remove the synthetic effects from
the natural effects, as shown by Figure: (61) and Figure: (62).

Likewise, a histogram of Figure: (63), as shown by Figure: (62), seems to indicate that

a Gaussian distribution could be utilized to model the natural effects observed in Figure:
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(62) — although the observed process is not strictly Gaussian distributed — and upon

estimating the Gaussian distribution mean (u) and variance (o) of Figure: (62), a task
accomplished by the MATLAB code shown within Appendix E script 6, and the following
parameters were obtained, as shown by Equation: (223) and Equation: (224).

Conversely, the parameters obtained can be used to model the natural environmental
effects through the utilization of a Gaussian weighted random number generation algorithm,
a task accomplished by the MATLAB code shown within Appendix E script 7, and results

in random data being created resembling Figure: (64), with a histogram resembling Figure:
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[y = 4.3465 x 1078 (223)

oy = 0.0033 (224)

Likewise, visual comparison between Figure: (65) versus Figure: (63) and Figure: (62)
versus Figure: (64), while possessing some expected dissimilarities since the natural func-
tion is not strictly a Gaussian distribution, appears to be a acceptable approximation of
the natural environmental processes observed within the laboratory.

Conversely, the combination of the synthetic model with the natural model, as shown by
Equation: (226), results in data being created that resembles Figure: (66) with a histogram
resembling Figure: (67), a periodogram resembling Figure: (68), and a comparison between

the original signal and the synthetic model resembling Figure: (69).

Ny(t) = Sy(t) + NormRnd (g, 04,) (225)

Nu(t) = Sy (t) + NormRnd(4.3465 x 1078, 0.0033) (226)
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Likewise, visual comparison of the observed unshielded environmental effects with the sim-
ulated environmental effects, seems to indicate that the simulated high-z unshielded envi-
ronmental effects can effectively approximate the observed unshielded environmental effects
and that the environmental modeling methodology, previously described, appears to be an
effective environmental modeling method. Nevertheless, it is important to mention that
the parameters obtained above, at least for the unshielded SCS environmental model, are
— strictly speaking — only providing an accurate representation of the environmental con-

ditions that existed within the unshielded laboratory when measurements were taken and
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are not necessarily directly applicable to other unshielded SCS environments. Yet, despite
this fact, the unshielded SCS environmental model, previously described, is a reasonable
starting point for the preliminary modeling of such environments and, in cases where un-
shielded SCS environmental conditions exist without any prior environmental knowledge,
application of this model will likely provide a better approximation than simply neglecting
environmental effects.

Thus, while unshielded SCS environmental conditions are the commercial norm that

most bioelectrical devices typically operate in; however, the study of such conditions is
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Figure 67: high-z simulated scs unshielded environmental effects histogram
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Figure 68: high-z simulated scs unshielded environmental effects periodogram
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not strictly limited within the bioelectrical research area, and has been heavily researched
within the electrical engineering discipline, particularly within the signals and systems re-
search area. Likewise, because the subject of environmental effects, or ambient noise, has
been frequently examined, it should come as no surprise that a number of techniques,
both physical and virtual, have been developed to combat such effects and are frequently
employed within most contemporary commercial biomedical devices. Yet, while such tech-
niques are extremely important, especially when creating a commercial biomedical device,
such compensation techniques typically do have some type of problem that is associated
with their usage and such methods, at least within this dissertation, were avoided, partic-
ularly virtual methods, since the basic idea behind modeling is mathematical simulation
rather than active real time compensation. Although, it is worth mentioning that once such
conditions have been successfully modeled, the ability to actively compensate for their oc-
currence does generally become easier. Nevertheless, while some compensation methods
were applied, within this dissertation, in order to isolate a particular effect within a labo-
ratory measurement, for the most part, the information presented within this dissertation

will primarily address mathematical modeling, rather than active compensation methods;
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however, it is important to note that developing a compensation method, at least from
the models presented within this dissertation, — particularly if the compensation method
utilized is a virtual method, such as a finite impulse response (FIR) filter — is a relatively
straightforward process and a natural extension of the research being presented.

With this being stated, it is important to also recognize that unshielded SCS environ-

mental conditions, while representing typical commercial operating conditions, are far from
being ideal, particularly when trying to develop a new contemporary high fidelity research
standard. Thus, while virtual compensation techniques were avoided, physical compen-
sation techniques were utilized, as the majority of the laboratory measurements taken, at
least within this dissertation, utilized either a partially shielded or a fully shielded measure-
ment environment, as shown by Figure: (70), in which the term partially shielded implies
the usage of a partially or fully sealed Faraday cage without electrical isolation, as shown
by Figure: (71) right, while the term fully shielded implies the usage of a completely sealed
Faraday cage with electrical isolation, as shown by Figure: (71) left.
Likewise, high-z SCS environmental measurements were taken for each case and the
methodology, previously discussed, was applied to each measurement. Conversely, based
upon the methods previously des<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>