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SUMMARY

The focus of this thesis is the theoretical and experimental study on some aspects of resistivity
measurement of conductive media using both the four and the two-electrode methods.
Theoretical derived novel geometric factors and new modelling techniques for biomedical and
power system grounding applications were proposed and experimentally validated. The study
of the resistivity measurement of biological tissue is of fundamental interest in the study and
learning of the bioelectric phenomena. In addition, knowledge of the soil resistivity and the
soil structure are of significant interest and importance in the design and analysis of an

efficient grounding system.

First, a novel geometric factor, derived in the prolate spheroidal coordinates, for the in situ
resistivity measurement of conductive media using the four-electrode method with slender
cylindrical electrodes was proposed and validated through experiments. The evaluation of the
experimental results showed that the saline resistivities that were obtained using a commercial
conductivity meter and the proposed geometric factor were both in good agreement as the
inter-electrode spacing or the length of immersed electrode was varied. In particular, a
percentage error of less than 5% was achieved even when the length of the immersed
electrode was comparable with or larger than the inter-electrode spacing, an improvement
over the resistivities obtained using the geometric factors proposed by other researchers and

currently available in the literature.

A new technique incorporating more accurate resistivity data for the determination of the
parameters of a two-layer soil model is then reported. The evaluation of the experimental
results showed that the depth of the first layer estimated using the proposed technique was

more accurate than the depth estimated using the conventional Sunde’s graphical method.

-xi -
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In an effort to address the issue of the resistivity obtained using the four-electrode method
being affected when the sample volume is small, novel geometric factors were derived and
presented for the resistivity measurement of both small and ultra-small-volume samples by
means of the two-electrode method incorporating slender cylindrical electrodes and planar
disc electrodes. The techniques to control and minimize the electrode polarisation impedance
effect were also discussed. The evaluation of the experimental results showed that when the
experiments were conducted at an excitation frequency of 3 kHz and nearly non-polarizable
electrodes silver-silver chloride electrodes were used, the resistivities of the saline solutions
determined using the derived geometric factors and a commercial conductivity meter were
both in good agreement when the inter-electrode spacing, the length of the immersed
electrode or the depth of the sample was varied. In the case of planar disc electrodes, the
evaluation also showed that accurate resistivities were obtained even for small inter-electrode
spacing and depth of the sample, therefore making the proposed two-electrode method a

promising measurement technique for biomedical and microfluidic applications.

Lastly, as the large variation in the reported resistivities of the biological tissues has also been
attributed to errors in the measurement set-ups by other researchers, the effects of the
different set-ups on the resistivities of finite-volume samples determined using both the four
and the two-electrode methods were investigated and reported. An experimental study was
made to investigate the effects of different set-ups on the calculated resistivities of finite-
volume samples, as the inter-electrode spacing or the length of the immersed electrodes was
varied. The resistivities determined based on the different set-ups and those that were
obtained using a commercial conductivity meter were then compared and evaluated. The set-
ups, which are suitable for resistivity measurement under the above-mentioned circumstances,

were then reported.

- Xii -
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CHAPTER 1 - INTRODUCTION

1.1 Motivation and Purpose

Information pertaining to the electrical resistivity of conductive media and its measurement
has always captivated the human race. Researchers have always been interested in the
interaction of electricity and biological substances [1] and also in the resistivity measurement

of the soil pertaining to power system grounding applications.

The study of the electrical resistivity, or its inverse, the electrical conductivity measurement
of biological tissue is of fundamental interest in the study and leamning of the bioelectric
phenomena [2], where the conductivity of a biomaterial is known to affect the electrical
property of the biomaterial [3]. The resistivity measurement of the tissue is also an important
diagnostic method in the analysis of the properties of the tissue by making use of the
relationship between the electrical properties of the tissues and its biological or physiological
parameters [4], for example, in the analysis of the characteristics of the myocardial, the
information on the resistive properties of the myocardial are important [5-7]. Knowledge of
the cardiac resistivity is also useful in the study of the heart [8]. The accurate computational
model of the head is also dependent on the precise resistivities of the various tissues in the
head [9]. Similarly, the resistivities of the different tissues are also important for the
modelling of the human body [10] and the theoretical cochlear model [11]. In addition, with
the significant difference in the electrical conductivity of a normal and a neoplastic or tumour
tissue, information of the tissue conductivity can also be used to diagnostically differentiate
between the normal and the neoplastic or tumour tissue [12] and for the detection of the

tumour tissue of the liver [12] and the human breast [13]. In biomedical applications where all
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the living tissues are enveloped by a dielectric membrane, of which the capacitance of the
membrane is essential, the frequency of the current used to measure the resistivity is
important. In addition, some cells are spherical; others are cylindrical. Low frequency current
passes around the cell and high frequency current goes through the cell and around it as well

[14].

With regards to the resistivity measurements in power system grounding applications, an
accurate soil resistivity measurement is of vital importance in the design of the power system
grounding [15] where the interpretations of the soil resistivity measurements are essential for
the precise analysis of the grounding system [16]. In addition, the knowledge of the soil
structure at a particular site is also an important requirement for the accurate analysis of
grounding system performance [17], where the study of the grounding system is dependent of
the parameters of the earth structure [18]. The soil structure can be determined from the
investigations of the soil resistivity. Variations in soil resistivity have considerable influence
on the performance of most grounding systems and it is of use to distinguish the soil structure,
as the soil model derived is a good approximation of the actual soil. Two-layer soil models
are frequently used as an approximation of many soil structures and are accepted as a
representation of non-homogeneous soil for grounding system design [19, 20]. It is also
important to know the actual soil structure at a particular site to prevent issues of over-design
or under-design of the grounding system [19]. Therefore, it is apparent that the resistivity of
the soil and the knowledge of the soil structure are of significant interest and importance in

the design and analysis of an efficient grounding system.

For the in situ resistivity measurement of conductive media, an obvious and simple
measurement technique is the two-electrode method [21], where the current is injected and the
voltage difference is measured across the same pair of electrodes. However, resistivity

measurement by means of the two-electrode method is known to be affected by the effect of

2Bl
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the electrode polarisation impedance [21-24]. Consequently, the two-electrode method has not
produced accurate results for the resistivity of conductive media thus far. So as to avoid the
electrode polarisation impedance effect, the in situ resistivity measurement of conductive
media can be conducted using the four-electrode method [21], or known as the Wenner
method, which was first proposed by Dr. Frank Wenner in 1916 [25]. In the four-electrode
method, the current is injected and the voltage difference is measured across different pairs of
electrodes. The four-electrode method has been extensively used for the soil resistivity
measurements since its introduction and it remains one of the most commonly used technique
for the measurement of the soil resistivity [19]. It is worthwhile to note that in power
grounding applications, resistivity measurements are usually conducted for large or infinite

volume samples.

More recently, the four-electrode method is also widely used for the resistivity measurement
of the electrical resistivity or conductivity of the biological tissues [4, 12, 22, 26-31], where
fixed or small-volume samples are often encountered. For resistivity measurement conducted
using the four-electrode method, a number of different signals and measurement set-ups have
been used in the past, such as: the waveform of the sources used; the method of storage of
samples during the measurement process; and the type of measurement. Due to the
differences in the set-ups and the types of tissue tested, there exists a wide variation in the
published values of tissue resistivity. In two excellent reviews by Geddes, Gabriel and
associates [32, 33], a comparison of the resistivities of the same kind of tissues reported also
showed that there were significant dissimilarities between the reported resistivities. There
were also considerable differences in the reported resistivities of the myocardial from
different researchers [34]. In addition, the resistivity of the myocardial also varied between
different positions in the heart and between different hearts [35]. It was also reported that a
significant difference in the conductivity of the skull was observed from the samples obtained

from the various parts of the human cadaver skull [36].

-
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Although the four-electrode method has been widely used for the measurements of the
resistivity of the soil and the biological tissue, there is much more to be learnt about the
measurements being conducted on scale models in the laboratory. The reason is that the
measurements of the resistivity using scale models in the laboratory can be conducted using
different experimental set-ups. Moreover, the four-electrode in situ resistivity measurement is
used historically in geophysical applications, where there are no limits on the sample volume,
i.e., the sample volume can be assumed as semi-infinite. However, resistivity measurements
for biomedical applications often involved finite-volume samples. In addition, small-volume
samples are often encountered in resistivity measurements of biological tissues or biofluids.
The challenge for the resistivity measurements of finite-volume samples has resulted in newer

phenomena and discoveries.

It is also worthwhile to note that although the calibration of electrodes before any
measurements can be used to obtain accurate resistivities from the measured data, the
calibration is only valid for specific electrode geometry and configurations. However, in
circumstances whereby the electrode geometry or the configuration is varied, i.e., when the
inter-electrode spacing or the length of the immersed electrode is varied, the calibration of the
electrodes is no longer applicable. The considerable differences in the literature on the
measured resistivities of the tissues also indicated that there is much more to be learned from
the resistivities of the biological tissues and its measurement techniques. The wide variations
in the reported resistivities have been viewed from a measurement theoretical viewpoint and
one of the factors is in the error in the measurement set-up and the method applied to

calculate the resistivity from the actual measured data [2].

In view of the above, the study and the enhancement of the resistivity measurement technique
for biomedical and power system grounding applications are important, where there are

innumerable discoveries yet to be revealed in the resistivity measurements of conductive

_4.-
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media and on using the information pertaining to resistivity values as a research tool in

different biomedical and power system grounding applications.

1.2  Objectives of Thesis

This thesis endeavours to propose theoretical derived novel geometric factors and modelling
techniques for the theoretical and experimental study on some aspects of resistivity
measurement of conductive media using both the four and the two-electrode methods. The
theoretical derived geometric factors and new modelling techniques are proposed for
biomedical and power system grounding applications at low excitation frequencies where the
conductive current phenomena are more significant as compared to the displacement current.

Consequently, the broadly classified objectives of the thesis are as follows:

(i) to propose a new geometric factor, derived using the prolate spheroidal coordinates,
for in situ resistivity measurement of conductive media using the four-electrode
method with slender cylindrical electrodes when the length of the immersed

electrodes become long with respect to the inter-electrode spacing;

(i1) to propose a new technique incorporating more accurate resistivity data, which is an
improvement to the conventional Sunde’s graphical method, for the accurate

determination of the parameters of a two-layer soil model;

(iii)  to develop a new measurement technique for in situ resistivity measurement of small-
volume samples of conductive media using two slender cylindrical electrodes with
novel geometric factors derived in the prolate spheroidal and the cylindrical

coordinates;
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(iv)  to propose a new measurement technique for resistivity measurement of ultra-small-
volume samples of conductive media using two planar disc electrodes with a new

geometric factor derived in the oblate spheroidal coordinates;

(v) to investigate the effects of the different set-ups on the measured resistivities of finite-

volume samples obtained using both the four and the two-electrode methods.

1.3  Major Contributions of Thesis

The major contributions of this thesis are theoretical derived novel geometric factors for
resistivity measurement of conductive media using both the four and the two-electrode
methods and a new technique incorporating more accurate resistivity data for the
determination of the parameters of a two-layer soil model. The derived novel geometric
factors and the new technique were validated through experiments. In addition, the derived
novel geometric factors remained applicable even when resistivity measurements are

conducted in the circumstances where the electrode geometry or the configuration is varied.

First, the use of the four-electrode method for resistivity measurement in biomedical
applications was studied. A new geometric factor for in situ resistivity measurement of
conductive media using four slender cylindrical electrodes was derived using the prolate
spheroidal coordinates, experimentally validated and reported in Chapter 4. Using the new
derived geometric factor, accurate and consistent resistivities were obtained as the inter-
electrode spacing or the length of the immersed electrode was varied. In particular, accurate
and consistent resistivities were obtained even when the length of the immersed electrode

became long with respect to the inter-electrode spacing, circumstances which are common in

-
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biomedical experiments. This is an improvement over the resistivities that were obtained
using the currently available geometric factors reported in the literature, namely, the

geometric factors derived by Wenner [25] and Baishiki et al. [37].

Next, the use of the four-electrode resistivity measurement technique in power system
grounding applications was studied. A new technique incorporating more accurate resistivity
data, which is an improvement over the conventional Sunde’s graphical method, for the
determination of the parameters of a two-layer soil model was presented in Chapter 5. The
proposed technique was experimentally validated and the results were presented in the
chapter. More accurate two-layer models, which are characterised by the resistivities of the
first and the second layer, as well as the depth of the first layer, were obtained using the
proposed technique. The potential of the proposed technique in obtaining accurate
information on the electrical properties of the soil is important for a good understanding of the
composition of the soil structure, which is essential for the proper design and analysis of the

performance of the power system grounding.

Subsequently, the use of the two-electrode method for resistivity measurement in biomedical
applications was studied. A two-electrode method for in situ resistivity measurement of a
conductive medium was proposed and presented in Chapter 6. Novel geometric factors for
resistivity measurement of small-volume biological samples by means of two slender
cylindrical electrodes were derived using the cylindrical and the prolate spheroidal
coordinates, experimentally validated and reported in the chapter. The theoretically derived
geometric factors were validated through the evaluation of the experimental results, which
were discussed in the chapter. In addition, the effect of the electrode polarisation impedance,
which had previously impeded the usage of the two-electrode method, and techniques to
control and minimize the electrode polarisation impedance effect were meticulously discussed

in the chapter. The evaluation of the experimental results showed that accurate resistivities

P
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were obtained with the new geometric factors as the inter-electrode spacing, the length of the
immersed electrode or the depth of sample was varied. Moreover, the evaluation also showed
that the proposed technique was able to measure the resistivity accurately when the ratio of
the inter-electrode spacing to the depth of the sample was 1:1, making it a promising
measurement technique in biomedical applications where small-volume samples are often
encountered. This is a significant improvement over the four-electrode method presented in
Chapter 4, where the resistivity obtained using the four-electrode method was known to be

affected by the small-volume sample.

In an extension to the resistivity measurement technique of small-volume samples using the
two slender cylindrical electrodes presented in Chapter 6, the use of the two-electrode method
for resistivity measurement in microfluidic applications was studied. A new geometric factor
for the resistivity measurement of an ultra-small-volume sample of biofluids by means of two
planar disc electrodes was derived using the oblate spheroidal coordinates, experimentally
validated and reported in Chapter 7. The evaluation of the experimental results showed that
accurate resistivities were obtained using the new geometric factor as the interelectrode
spacing or the depth of sample was varied. In particular, using the derived geometric factor,
accurate resistivity values were obtained even when the ratio of the inter-electrode spacing to
the depth of the sample was 1:0.6, this ratio is an improvement over the ratio of 1:1 which
was achieved using the resistivity measurement technique reported in Chapter 6.
Consequently, the latest resistivity measurement technique reported in Chapter 7 is a

promising resistivity measurement technique for applications in microfluidics devices.

Lastly, the use of both the four and the two-electrode methods for resistivity measurement in
biomedical applications was studied. The effects of the different set-ups on the resistivities
obtained using both the four and the two-electrode methods were meticulously studied and

reported in Chapter 8. The effects of the different set-ups on the measured resistivities of

-8-
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finite-volume samples obtained using both the four and the two-electrode methods as the
inter-electrode spacing or the length of the immersed electrode was varied were studied. The
set-ups that are suitable for resistivity measurement under the above-mentioned circumstances
were reported. The knowledge of the set-ups to be used is important as resistivity
measurement can be conducted under different experimental circumstances in the laboratory.
Hence, it is prudent to know the proper set-ups for the accurate resistivity measurement under

the different experimental circumstances.

1.4  Organisation of Thesis

This thesis is organised into nine chapters and the structure is as follows:

(i) Chapter 1 presents the introduction, encompassing the motivation and purpose of the

thesis, the objectives, the major contributions and the organisation of the thesis.

(ii) Chapter 2 provides the detailed literature review of the subjects covered in this thesis.
In particular, the fundamentals of the resistivity measurement, its methodology and
the impact of the resistivity measurement in both the biomedical and the power

grounding applications are discussed.

(iii)  Chapter 3 reviews the solutions of the Laplace’s equation in the cylindrical and the
spheroidal coordinates. The derivations of the potential of a point inside a conductive
medium that is induced by a current source located inside a slender cylindrical
electrode and a planar disc electrode are reviewed and the derivations are utilised in

the subsequent chapters in the thesis.
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(iv)  Chapter 4 presents a new geometric factor, derived in the prolate spheroidal
coordinates, for the resistivity measurement of conductive media by means of four
slender cylindrical electrodes. The effect of the relative size of the sample volume on

the four-electrode resistivity measurement is also presented.

(v) Chapter 5 describes a new technique incorporating more accurate resistivity data to
determine the parameters of a two-layer soil model. More accurate two-layer models,
which are characterised by the resistivities of the first and the second layer, as well as

the depth of the first layer, were obtained using the proposed technique.

(vi)  Chapter 6 reports a new measurement technique for the resistivity measurement of
small-volume samples by means of two slender cylindrical electrodes and novel

geometric factors derived using the cylindrical and the prolate spheroidal coordinates.

(vii)  Chapter 7 presents an extension to the measurement technique presented in Chapter 6
for application in ultra-small-volume samples, such as microfluidics devices. A new
geometric factor, derived using the oblate spheroidal coordinates, for resistivity

measurement using two planar disc electrodes is reported.

(viii) Chapter 8 reports the effects of the set-ups on the resistivity measurement of finite-
volume samples using both the four and the two-electrode methods. The set-ups,
which are suitable for resistivity measurement under the different laboratory

circumstances, are reported.

(ix)  Chapter 9 concludes the thesis and presents the recommendations for the future

research work.

-10-
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CHAPTER 2 - RESISTIVITY MEASUREMENT AND ITS

METHODOLOGY

2.1  Review on Electrical Resistivity and its Measurement Techniques

2.1.1 Biomedical applications

Bioimpedance refers to the electrical properties of a biological tissue, measured when a
current flows through it [38]. The electrical resistance of a tissue is a fundamental property in
bioimpedance. Though the resistance of a sample is a fixed measure of the individual sample,
it is also practical to be able to depict the general properties of the sample, which is the
electrical resistivity, or its inverse, the electrical conductivity of a sample. The resistivity of a
tissue is the ability of the tissue to oppose the flow of the electrical current for a defined unit

of the tissue [38].

Numerous researchers have been interested in the measurement of the electrical resistivity of
the biological tissues. The resistivities of the tissues at low excitation frequencies were
studied by Rush et al. in 1963 [26]. Resistivity measurements of the tissues of the thorax of
living anesthetised dogs were conducted using the four-electrode method [25] and the
resistivities of the thorax and the arm of human subjects were also studied. The tissue
resistivity values found are approximately 1.6 Q-m for blood, 20 Q-m for lung, 25 Q-m
for fat and 7 ©-m for liver. Rush et al. also reported on the reasons behind the variations in
the resistivities of various tissues. In 1967, Witsoe and Kinnen reported on the electrical
resistivity of the lung at high excitation frequency [39]. In vivo four-electrode resistivity

measurements on the surface of canine lung were conducted at an excitation frequency of 100
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kHz and the resistivity of the lung was determined. Robillard and Poussart reported on the
relative efficacy of the four-electrode resistivity measurement technique of the biological
material in terms of its spatial resolution in 1979 [31]. From the four-electrode assembly
buried in the medium, the apparent resistivities were obtained and analysed. The
circumstances that must be fulfilled for an accurate measurement of the apparent resistivity
were established. Results show that the four-electrode array where the current electrodes were
adjacent to the potential electrodes resulted in the least responsiveness in the resistivity
measurement to the neighbouring structures. In 1982, Plonsey and Barr reported on the
conditions for applying the four-electrode method in obtaining the resistivity of the cardiac
tissue [30]. It was shown that when the anisotropy ratios were the same, the four-electrode
resistivity measurement technique can be utilised in the cardiac tissue. However, if the
anisotropy ratios were not the same, the four-electrode method cannot be used in the
conventional manner. The electrical conductivity of the skeletal muscle tissue was studied by
Gielen and associates in 1984 [29]. Experimental results obtained from the in vivo
measurements on the different muscles were reported and the results appeared to be either
dependent or independent of the frequency depending on the inter-electrode spacing of the
four-electrode method. There were also considerable differences in the experimental results

obtained for the different muscle types.

In recent times, there have been continuous interests in the electrical resistivity of the
biological tissues and its measurement. In 1993, Suesserman and Spelman reported on a four-
electrode in vivo resistivity measurement system that measured the complex resistivity of the
cochlear tissue in a non-destructive manner [40]. Steendijk and associates, in 1993-1994,
researched on the measurement of the myocardial electrical resistivity using the four-
electrode method [8, 22]. The four-electrode resistivity measurement technique was studied
with particular interest in the establishment of the depth of the penetration attained using the

four-electrode method and in the volume of an anisotropic sample in [22]. The experimental

=12z
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results obtained by Steendijk er al. suggested that variations in the volume of the blood or the
myocardial perfusion affected the resistivity of the myocardial. It was found that the
difference between the apparent resistivity and the actual resistivity is less than 10% if the
layer thickness is more than 1.95 times the inter-electrode spacing. In [8], the variations
during the cardiac cycle of the electrical resistivity of the myocardial and the source
frequency dependence of the electrical resistivity of the myocardial were established. The
electrical resistivity was shown to decrease as the source frequency increased. It was reported
in [8] that the mean longitudinal resistivity decreased from 3.13 £0.49 Q-m at 5 kHz to 2.12
+0.32 Q-m at 60 kHz and the mean transverse resistivity decreased from 4.87 + 0.49 Q-m
at 5 kHz to 3.78 £ 0.53 Q-m at 60 kHz. In 1996, Cheng et al., used the four-electrode
method with current of rectangular pulse and studied the relationship between the electrical
conductivity and the peak current density and the relationship between the conductivity and
the pulse rate in the pig skin dermis and the subcutaneous fat specimens [41]. The
conductivities obtained for the pig dermis range from 0.27 S/m to 0.38 S/m, while the
conductivities for the subcutaneous fat range from 0.045 S/m to 0.113 S/m. The experimental
results obtained indicated that the conductivities of the pig skin dermis and the subcutaneous
fat were anisotropic and were not dependent on the ranges of the current density and the pulse
rate tested. Entcheva et al., in 1997, studied the myocardium conductivity measurements
obtained using the four-electrode method in [42]. An alternative position of the sensing
electrodes for the measurements was suggested based on the sensitivity maps of the potential
fields induced by the different conductivity tensors. Baumann and associates measured the
electrical conductivities of human cerebrospinal fluids at both room and body temperatures in
1997 [43]. The body temperature conductivity was found to be 1.79 S/m whereas the room
temperature conductivity was found to be 1.45 S/m. Experimental results showed the
conductivity measured at the body temperature was higher than that measured at the room

temperature in the range of the frequency tested.
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Wang et al., in 1998, investigated the accuracy of the resistivities of the tissues measured

using the four-electrode method as the diameter of the electrode, the length of the electrode,
the spacing between the electrodes and the sample volume were varied [27]. The measured
longitudinal and transverse resistivities of the skeletal muscle of a pig vary from 2.15 Q-m to
6.57 Q- m and 2.34 Q-m to 17.45 Q-m, respectively. The results obtained showed that the
measured resistivities were strongly dependent on the geometric factors, in particular for
anisotropic tissues. In 1998, Xie ef al. studied the relationship between the flow velocity and
the resistivity of the blood [44] and reported that the resistivity value of the blood was a
fundamental measure that affected the results obtained using the various techniques pertaining
to the study of the heart and circulation. The experimental results obtained showed that when
the velocity of the flow of the blood was increasing, the resistivity of the blood decreased.
The results showed that the resistivity of the blood changed by = 1.1% when the velocity of
the blood changed from 2.83 cm/s to 40 cm/s. When the velocity of the blood was lower than
2.83 cm/s, the change in the resistivity of the blood increased to 23%. In addition, the results
showed that the resistivity of the blood was greatly affected by the acceleration and the
deceleration of the blood flow. Recently, the conditions for which the equations derived by
Rush et al. [26] were studied and the extents of their suitable usages were reported by Kun
and Peura in 2000 [4]. Their studies indicated that the resistivities of the tissues measured
using the four-electrode method were affected by both the configurations of the electrodes
and the geometry of the sample. The longitudinal and transverse resistivities of the muscle
obtained from the experimental results were 1.75 ©-m and 7 Q-m, respectively. The results
also showed that the measured resistivity was affected by the sizes of the samples and the
measured resistivity increased when the ratio of the inter-electrode spacing over the tissue
thickness decreased as the electrodes were aligned longitudinally. From 2000 to 2002, the
electrical conductivities of the human skulls were studied by Akhtari et al. [36, 45]. The
electrical conductivities were obtained at the room temperature as the electric fields were

varied using the four-electrode method. The results showed that the conductivities of the
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various tissues of the skull were considerably different and inhomogeneous. The
conductivities of the spongiform and the two compact layers of the skull vary from 0.76 +

0.14 mS/mto 11.5 £ 1.8 mS/m.

In a series of studies from 2000 to 2002, Tsai and associates studied on the dependence of the
apparent resistance obtained using the four-electrode method with the length of the immersed
electrode [28], the error analysis of the measurement of the tissue resistivity [46] and the
resistivity measurement of the swine myocardial [47]. Experimental results obtained in [28]
showed that the apparent resistance decreased with increasing length of the immersed
electrode, whereby this knowledge was critical for the accurate in vivo and in vitro resistivity
measurement of the myocardial. In addition, the measured resistivity of the myocardial and
the in-chamber blood ranges from about 1.5 Q-m to 56 Q@-m and 1 Q-m to 2 Q-m,
respectively. The sources of error in a resistivity measurement system using the four-electrode
method were determined in [46]. Using a theoretical derived formula, the measured resistivity
was expressed with considerations of all the error terms. The resistivities of the myocardial of
pigs were determined using the four-electrode method with plunge probes. Experimental
results obtained in [47] showed that the mean of the measured resistivities decreased from
3.19 Q-m to 1.66 Q-m as the frequency increased from 1 Hz to 1 MHz. In addition, there
were also considerable differences in the measured resistivities of the different pigs, although
there were no significant differences in the resistivity measured at the different sites on the
pig. In 2003, Haemmerich er al. measured and determined the conductivities of the hepatic
tumour and the normal tissues of rats [12] using the four-electrode method with plunge
electrodes. Measurements were conducted from 10 Hz to 1 MHz and the measured
conductivities of the normal liver tissue range from 1.26 + 0.15 mS/cm to 4.61 + 0.42 mS/cm,
respectively. The measured conductivities of the tumour tissues range from 2.69 + 0.91
mS/cm to 5.23 + 0.82 mS/cm, respectively. The experimental results showed that the

conductivity of the normal tissue was considerably different from that of the tumour tissue.

-15-



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

NANYANG
i | TRCHMNOLOGIC AL
" UNIVERSTTY

The difference in the conductivity was attributed to the necrosis inside the tumour and the
related membrane breakdown. The frequency range for the greatest sensitivity in
differentiating the normal and malignant tissues was also specified to be below 1 kHz. By
means of the divided electrodes, Zhao and associates in 2004, described a novel method for
the measurements of the conductivity and the structure of multilayer tissue [48]. In the
proposed new method, the current electrodes were separated into numerous elements. The
distribution of the conductivity in a two-dimensional model was studied based on the steepest
descent and the finite difference methods. In addition, estimations of the distribution of the
conductivity and the structure of the tissue were obtained concurrently by increasing the

number of the divided electrodes.

At this juncture, it is worthwhile to note that numerous researchers have been conducting
measurements using saline solutions in various biomedical experiments, where the
resistivities of the saline solutions were chosen to approximate that of biological tissues. In
addition, the measuring systems used for the biomedical experiments were also often
calibrated using saline solutions with known resistivities. In 1991, Fuks and associates, in
their study on the detection and imaging of the resistivity of a body’s interior at low
frequency, presented experimental results obtained using a measuring system on various
objects contained in a saline bath with resistivity of 3 -m. [49]. In the measurement system
used by Steendijk er al. in their research on the four-electrode measurement technique on
myocardial tissue in 1993 [22], the measurement system was calibrated using the saline
solutions with known resistivities in the expected range of those of myocardial tissues. In
1993, Suesserman and Spelman conducted measurements with the electrodes located in the
center of a 0.9% saline solution filled beaker [40] in their study of an in vivo resistivity
measurement system that measured the complex resistivities of cochlear tissues. In 1998,
Newell et al. researched on the sensitivity of an impedance imaging system to the small

cylindrical in-homogeneities placed in the tanks containing saline solutions with a
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conductivity of 300 mS/m [50]. In 1999, Mueller and associates, in their study to establish the
distribution of the conductivity under the surface of a medium [51], presented experimental
results which were obtained using a measurement system in a rectangular tank filled with
saline solution with a conductivity of 300 mS/m. The saline solution and the agar
conductivities were chosen to approximate that of healthy breast tissue and tumour,
respectively. The conductivity of the electrode-sized agar target is 900 mS/m. In a series of
studies by Tsai and associates from 2000 to 2002, measurements were conducted on a
physical model that consisted of air, saline solution and agar, which replicated the actual
resistivity measurement [28]. Measurements were also conducted on reference saline
solutions with resistivities ranging from 1 Q-m to 5 Q-min the study of the error analysis of
the measurement of the resistivity of the tissue [46]. In addition, the probe for the in vive
measurement of the resistivity of the swine myocardial was calibrated in saline solutions
contained in a metal cup located near the heart [47]. Haemmerich et al. calibrated their
measurement setup using the 0.9% saline solution, in their study of the in vive electrical

conductivity of the hepatic tumours in 2003 [12].

2.1.2 Power system grounding applications

A prominent individual who contributed to the field of the resistivity measurement of the soil
in 1912 was Wenner, who was considered the father of the modern quantitative resistivity
techniques [52]. Wenner made two significant contributions to the field of the resistivity
measurement of the soil. Firstly, Wenner gave a clear statement of the reciprocity theorem
applicable to his four-electrode measurement, where he noted that in any conductor systems
having four terminals, the potential drop between the first and the second electrodes as
induced by a current flow between the third and the fourth electrodes is the same as the

potential drop between the third and the fourth electrodes as induced by a current flow
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between the first and the second electrodes. Secondly, Wenner developed the Wenner
configuration of electrodes for his four-electrode measurement method in 1915. Wenner
placed four electrodes in a straight line, with equal inter-electrode spacing, on the ground. The
current was injected into the ground through the two outer electrodes and the potential
difference between the two inner electrodes was then measured. In an effort to overcome the
polarisation effect associated with the use of the direct current with the metal electrodes,
Wenner used alternating current for his measurements. From the geometry of the electrode
configuration and the measured resistance, the apparent resistivity was calculated. Wenner
noted that the measured apparent resistivity depended primarily on the resistivity near and
between the inner potential electrodes. Wenner also reported that by positioning the
electrodes on the surface of the ground far apart, it was possible to measure the resistivities to
a much greater depth. In addition, the resistivities at the different depths of the ground can

also be estimated from the resistivity measurements.

A comprehensive review on the development of the resistivity measurement of the soil was
written by van Nostrand and Cook [52]. In 1924, Gish studied the resistivity measurements of
the ground using the Wenner configuration [53]. The inter-electrode spacing was varied
regularly and vertical resistivity profiles were taken. Gish noted that there were oblivious
lateral and depth variations in the vertical profiles. Rooney and Gish then reported the
changes in the resistivity with the changes in the strata from their resistivity measurement of
large volumes of the ground in 1925 [54]. Pertaining to a two-layer situation, they noted that
when the boundary between two layers of earth was approximately horizontal and that there
was a sudden change in the resistivity at a particular depth, from a series of resistivity
measurements conducted using different inter-electrode spacing, a set of equations as a
function of the unknown resistivities and the inter-electrode spacing can be established.
Solving the equations empirically will then determine the absolute resistivity values. In 1927,

Rooney hypothesised that a significant discontinuity in the slope of the apparent resistivity
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curve occurred at an inter-electrode spacing approximately which is equal to the depth of the
horizontal geological feature that caused the discontinuity in the slope [55]. Lee, in 1928,
measured the earth resistivity and studied the depth attainable using the Wenner configuration
[56]. In 1931, Swartz conducted experiments on the resistivity of artificial beds, where he dug
a hole in the ground and filled it with alternating layers of clay and sand [57]. Using the
Wenner configuration with direct current and non-polarising electrodes, Swartz obtained the

vertical resistivity profile of the different layers of the clay and the sand.

The interpretation of the resistivity data are based on the Laplace’s equation, as developed by
Maxwell, where he specified the mathematical analysis involved in a layered-earth problem
[58]. Neumann, in 1887, derived the equation for the potential at any point in the ground
induced by the current flowing between two current electrodes located on the surface of the
ground [52]. Expressions comparable to the derived equation by Neumann were then used by
Wenner to derive the equations used to determine the apparent resistivity using the Wenner
configuration. Although Maxwell developed the mathematical analysis involved in the
problem of the layered earth in 1891, the major development of this issue only happened in
the late 1920s [52]. Hummel derived formulas for the two-layer earth using the image theory
in 1929 [59]. Hummel also provided a table which allowed the computation of the formulas
for the two-layer earth and presented several sample curves obtained using the Wenner
configuration. In addition, Hummel noted that with regards to a two-layer case, a lower bed of
higher conductivity can be detected easier than a lower bed of lower conductivity. Hummel
reported as well that the plot of the apparent resistivity curve versus the inter-electrode
spacing was asymptotic to a straight line when the lower layer was perfectly insulating.
Stefanesco, Schlumberger and Schlumberger, in 1930, solved the problem of the distribution
of the potential inside the ground which comprised of homogeneous and isotropic horizontal
layers [60]. Lancaster-Jones, in a completely independent study in 1930, conducted

experiments similar to that conducted by Hummel and reached many conclusions of Hummel
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[61]. Lancaster-Jones noted that the effect of the buried layers was apparent for small inter-
electrode spacing. Lancaster-Jones also concluded that the empirical rule by Gish and Rooney
that for a Wenner configuration, the depth of the penetration equals the inter-electrode
spacing should be taken as just a rough estimation. In 1930, Tagg presented a graphical
method for the determination of the depth [62]. Ehrenburg and Watson applied the image
theory to a multi-layer problem and provided numerical calculations and theoretical curves for
two-layer cases in 1931 [63]. A detailed study on the apparent resistivity for a two-layered
earth was also made by Roman (a key supporter of the curve-matching method) in 1931,
where the image theory was used to determine the potential induced by a current electrode
located on the surface of the two-layer earth [64]. Roman presented a table for the calculation
of the theoretical apparent resistivity for a two-layered earth when the Wenner configuration
was used with any inter-electrode spacing. In 1934, Roman also presented theoretical
apparent resistivity curves which were based on the table [65]. In addition, Roman’s solution
for the two-layer problem was the first acceptable image analysis of the problem of the
determination of the depth [52]. Pekeris, in 1940, by means of a technique that used the
transformation theory to determine the resistivities directly from the observed potentials on
the surface of the ground, obtained the variation of the resistivity with the depth for a ground
with horizontal layers [66]. In 1947, Maillet defined the relationship between the apparent
resistivity as a function of the inter-electrode spacing and the relationship between the

resistivity of the ground as a function of the depth [67].

Over the past 50 years, there have been continuous interests in the measurement and the
application of the resistivity of the soil. Blattner, in 1982, investigated the apparent soil
resistivity measured using the four-electrode method [68]. Measurements were conducted for
both uniform and non-uniform soil conditions. Blattner derived an expression for the
calculation of the apparent soil resistivity of the two-layer soil condition based on the Wenner

configuration. The actual measurement results were also studied based on the theoretical

-20-



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

NANYANG
i UNIVERSITY

consideration of the two-layer model. In addition, Blattner reported on the possible limitations
of the resistivity measurement technique using the Wenner configuration. Blattner, in 1985,
also conducted a comprehensive study of the performance of the Wenner method in the
resistivity measurement of the soil in a two-layer earth [17]. In 1986, Meliopoulos and
Papalexopoulos, by means of a computational program, studied the interpretation of the
resistivity measurement of the soil [69]. A model, which was based on the statistical
estimation of the parameters of the soil from the Wenner measurements, for the interpretation
of the measurements of the soil resistivity was presented. The model also specified the best
estimation of the parameters of the soil and the error bounds versus the confidence level. A
comparison of the effectiveness of eight different techniques to determine the resistivities and
the thickness of a two-layered earth which corresponded to a particular mathematical model
was studied by del Alamo in 1993 [70]. An optimum fitting between the set of the resistivities
measured in the field using the Wenner method and those calculated from the mathematical
model was obtained from the estimation of the electrical grounding parameters of the two-

layered earth.

The most difficult part of the soil resistivity measurement program is perhaps to interpret the
apparent resistivity acquired. The fundamental objective is to derive the soil model, although
it must be recognised that the soil model is only an approximation of the actual soil and that a
perfect match is unlikely. The most commonly used soil resistivity models are the uniform
soil model and the two-layer soil model [19]. Two-layer soil models are frequently used as an
approximation of many soil structures and is in general an acceptable representation of non-
homogeneous soil for grounding system design [19, 71, 72]. A uniform soil model should be
used only when there is a modest variation in apparent resistivity. If there is a large variation
in measured apparent resistivity, the uniform soil model is not likely to generate accurate
results. A more accurate illustration of the actual soil conditions can then be obtained by use

of a two-layer soil model [19]. The two-layer soil model consists of a first layer soil of finite
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depth and with different resistivity value than a second layer soil of infinite thickness. In some
cases, a two-layer soil model can be approximated by visual examination of a plot of apparent
resistivity versus depth from driven rod measurements or apparent resistivity versus probe

spacing from measurements obtained using the Wenner method.

Analogous to the use of the saline solutions in biomedical experiments, scale model
experiments pertaining to grounding applications were also conducted using the saline
solutions. As stated in the IEEE Std. 80 [19], scale model tests have been shown to be
effective for studies pertaining to the power system grounding applications. It was also
reported in the IEEE Std. 81 [20] that one of the recommended materials for a scale model
test is to use an electrolytic tank. So as to replicate the actual measurement of the soil in the
field, electrodes were either immersed solely on the upper layer of the two-layer soil model,
or immersed into the lower layer of the model. A solid medium is inconvenient both from the
measurement point of view and when there is a need to change the electrodes. The obvious
alternative is to use an electrolytic tank. The saline solution is also a convenient choice for
modelling a homogeneous medium. In a review of the design and the use of scale models for
the assessment of the effectiveness of the grounding grids presented by Caldecott and Kasten
in 1983 [73], it was stated that the method of the use of scale models in an electrolytic tank to
obtain the distribution of the surface potential was proposed by Koch in 1950 and Armstrong
in 1953. Caldecott and Kasten concluded in their report that scale models can be effectively
used in the parametric studies of the design of the grounding grids. In 1984, Caldecott and
associates reported the experimental results of a study of the interpretation techniques for the
measurement of the soil resistivity [74]. A variety of two-layer soil models in an electrolytic
tank were used for the measurements. The lower layer was made of agar and the upper layer
was a mixture of tap water and dissolved sodium chloride. Caldecott et al. concluded that

when proper measurement parameters were met, the soil structure can be determined.
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2.2  Impact of Electrical Resistivity and its Measurement

2.2.1 Biomedical applications

As mentioned earlier, researchers have always been interested in the electrical resistivity or
the conductivities measurement of biological tissues [27]. Knowledge pertaining to the
resistivity of various tissues is of basic concern in the study of bioelectric phenomena [2] and
have been utilised in various biomedical applications. One of the factors that influenced the
electrical property of biomaterial is the conductivity of the biomaterial [3]. With the
knowledge of the connection between the electrical properties of the tissues and its biological
or physiological parameters, the measurement of the resistivity of the tissue became a key

diagnostic method for the non-invasive assessment of the characteristics of the tissues [4].

The resistive properties of the myocardial were often significant in the study of the
myocardial behaviour [5-7]. In addition, information pertaining to the resistivity of the cardiac
was also important for the understanding of the electrical properties of the heart [8]. The
accurate resistivities of the different tissues within the head made an important contribution to
the proper computational model of the head [9]. Information on the resistivities of the tissues
was also necessary for the modelling of the human body [10] and the theoretical cochlear
model [11]. The current flow in the tissues was dependent on the resistivities of the tissues
and the resistivities were also associated with the electrophysiological measurements [75]. A
precise resistivity of the blood was needed to establish the blood vessel’s cross-sectional area
when the impedance method was used [44]. The correctness of the measurement of the blood
vessel's cross-sectional area was also dependent on the specific measurement of the blood’s
resistivity. It was reported in [41] that knowledge of the conductivity of the skin was required
for the usage of a model which uses rectangular pulsed electrical current stimulation to

enhance the healing of the skin wound. Information pertaining to the conductivity of the skin
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was critical as the amounts of current that penetrated the subcutaneous fat and the skin can be

estimated from the knowledge of the conductivity of the skin [41].

As there is a considerable difference in the conductivity of a normal and a neoplastic or
tumour tissue, information regarding the electrical conductivity of the tissue was also utilised
to diagnostically distinguish between the normal and the neoplastic or tumour tissue [12],
where it was reported that the conductivities of the normal liver tissue range from 1.26 + 0.15
mS/cm to 4.61 + 0.42 mS/cm, whereas that of the tumour tissues range from 2.69 + 0.91
mS/cm to 5.23 + 0.82 mS/cm when measurements were conducted from 10 Hz to 1 MHz.
From the conductivity values obtained using bioimpedance measurement, the detection of the
tumour tissue was achievable with comparison of the conductivities of the normal liver
parenchyma and the neoplastic tissue. In a review of the electrical impedances techniques for
the detection of the breast cancer by Zou [76], it was reported that malignant tumours of the
human breast tissues generally had higher conductivity values as compared to the normal
human breast tissue [13]. Information pertaining to the conductivities of the normal and the
tumour tissues became important as the distribution of the electromagnetic energy being
absorbed was a factor of the ratios of the electrical conductivity between the normal and the

tumour tissues [12].

2.2.2 Power system grounding applications

Researchers have also always been interested in the resistivity measurement of the soil.
Information pertaining to the soil resistivity is a fundamental and important consideration in
various aspects with regards to grounding applications. For the precise analysis of the
grounding system performance, it is important to have knowledge with regards to the accurate

measurement of the apparent soil resistivity and the knowledge of the soil structure.
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The design of the grounding system is dependent on a precise estimate of the parameters of
the soil [77]. At the preliminary phase of the grounding design, it is essential to determine the
parameters of the soil where the grounding is going to be installed. The parameters of the soil
must always be estimated based on the soil resistivity measurements [70]. Soil resistivity
measurements and interpretations are crucial tasks for the precise analysis of the grounding
system [16] as the value of the soil resistivity has a direct impact and significantly influenced
the value of the grounding resistance [19]. Therefore, the precise measurement of the soil
resistivity have a substantial impact on the grid design [19] and is of paramount importance in
the design of the power system grounding design [15] and the subsequent study of the

effectiveness of the grounding design [78].

In addition, knowledge of the soil structure at a particular site is an important requirement for
the precise investigation of the performance of the grounding system [17], where the study of
the grounding system is dependent of the parameters of the earth structure [18]. The design of
complex grounding system has to be based on the measured resistivity data as the soil
structure significantly influences the effectiveness of the grounding electrodes [79].
Resistivity investigations are required to determine both the soil structure and the extent of
homogeneity. Taking measurements on the surface of the soil and taking note of the
behaviour in which the resistivity values changes can provide useful information on the nature
of the sub-soil. Variations in soil resistivity have considerable influence on the performance
of most grounding systems and it is of use to distinguish the soil structure, as the soil model
derived is a good approximation of the actual soil. It is also important to know the soil
structure at a particular site to prevent issues of over-design or under-design of the grounding
system [19]. Two-layer soil models are frequently used as an approximation of many soil
structures and are accepted as a representation of non-homogeneous soil for grounding system

design [19, 20]. In general, for a two-layer soil model with the top layer of soil more resistive
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than the lower layer, the resistance determined would be less than that of the same grounding
system modelled in uniform soil model. This would imply an over-design of the grounding
system designed in a uniform soil model, which is not cost-effective. On the other hand, for a
two-layer soil model with the top layer of soil less resistive than the lower layer, the
resistance determined would be more than that of the same grounding system modelled in
uniform soil model. This would result in under-design of the grounding system designed in a

uniform soil model, which have serious complications, as it involves the issue of safety.

2.3  In Situ Resistivity Measurement Technique

2.3.1 Two-electrode method

The two-electrode method, which is shown in Fig. 2.1, is said to be the most easy and simple
technique for the measurement of the biological system [22]. In addition, the two-electrode
method is described as a ‘clear-cut’ measurement technique of the soil resistivity [80]. The
two-electrode method is an appropriate measurement technique for the determination of the
electrical properties of the materials provided that the potential measured between the
electrodes A and B is a reasonable approximation to the potential between the medium that is

being measured [81].

Air C
Medium with .
resistivity p d i ?

Figure 2.1 - The two-electrode method for the in situ resistivity measurement of conductive

media.
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In the two-electrode method, the electric current [ is injected to the medium through the two
outer electrodes A and B. The induced potential difference V between the same pair of
electrodes is then measured. Although the two-electrode method is a simple and obvious
method for the in situ resistivity measurement of the conductive media, the two-electrode
method has not produced accurate results for the resistivity of conductive media thus far. The
two-electrode method was reported to be inefficient because the measurement results were
affected by the effect of the frequency dependent electrode polarisation impedance [21-24],
where the measured impedance consisted of the combination of the sample impedance and the
electrode polarisation impedance. The electrode polarisation impedance, or known as the
contact impedance, occurs when the potential is measured on the current flowing electrodes
[82]. The potential that is measured between the two electrodes A and B consists of the
potential induced by the current that flowed through the electrode polarisation impedance at
the interface of the electrode-medium interface and this affected the accuracy of the

measurement results obtained using the two-electrode method [28].

2.3.2 Four-electrode method

As noted in the discussions, the two-electrode method for the in situ resistivity measurement
of conductive media has been hindered by the effect of the electrode polarisation impedance.
One of the techniques to overcome the electrode polarisation impedance effect is to conduct
the resistivity measurement using the four-electrode method proposed by Wenner [25], as
shown in Fig. 2.2. In the four-electrode method, the electric current [ is injected to the
medium through the two outer electrodes A and D. The induced potential difference V
between the two inner electrodes B and C is then measured. By using separate pairs of

electrodes for the flow of excitation current and voltage sensing, the problems associated with
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the effect of the electrode polarisation impedance at the current source and sink electrodes can

be effectively eliminated [3, 12, 21-23, 27, 28, 30, 47, 81-86].

I
Ca
Air ‘.. s i b‘ .......... S "_S P
Medium with Ed Holes made in the medium
resistivity p I, ||— and electrodes make electrical
contact with the medium only
: o ST e B S
Small spherical >~ y B C D at the bottom
electrode

Figure 2.2 - The four-electrode method for the in situ resistivity measurement of conductive

media.

Experiments pertaining to biomedical and power system grounding applications are
commonly conducted using measurement techniques based on the four-electrode method
proposed by Wenner [25]. In the four-electrode method, an array of four electrodes with the
same inter-electrode spacing, denoted by s, is arranged in a straight line. Four holes, of
approximately the same depth, are made in the medium to be tested and the diameter of the
holes is smaller than 10% of the s [87]. An electrode is then positioned in each hole, and the
electrodes made electrical contact with the medium only at the bottom. The electrodes are

assumed to be small spherical electrodes.

In the four-electrode method, the values of the injected /, the measured V and the spacing s
are utilised to obtain the measured resistivity of the medium. For resistivity measurement
using the four-electrode method, when the medium is not homogeneous, the measured
resistivity was not the actual resistivity of the medium. Instead, what was being measured was
the apparent resistivity of the medium. Generally, the penetration depth of the current flow is
larger with a larger s [52, 80, 88-92]. Resistivity surveys in the field can be carried out using
two techniques, namely the electrical sounding and the electrical profiling [93]. The electrical

sounding process was conducted as measurements are carried out with the center location of
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the four-electrode configuration remained at the same position but with s increased
successively. Consequently, the apparent resistivity is determined as a function of the
effective depth of the penetration. The electrical profiling process was conducted as
measurements are carried out with the electrode array moving about an area with the
arrangement of the array and the s remained constant. The electrical profiling process
determines the variation of the apparent resistivity over the area. The combination of the
measurement results obtained from both the process of the electrical sounding and profiling

can be used to obtain a three-dimensional representation of the resistivity of the medium.

The potential fields in the medium, and consequently, the flow of the current through the
medium were affected by a few parameters, namely the different thickness and resistivities of
the different layers in the medium, and the inter-electrode spacing at which the measurements
were taken [94]. At the interface between the different layers of the medium, the different
resistivities of the different layers influenced the flow of the current as it flowed between the
interfaces of the different layers. The amount of current that flowed through the different
layers of the medium depended on the reflection coefficient between the different layers.
More current will flow into the medium if the resistivity of the medium is relatively low; on
the contrary, less current will flow into the medium if the resistivity of the medium is
relatively high. As the penetration depth of the current flow is larger with a larger s, more
current will flow through the lower layers of the medium as s is increased. Consequently, the
measured apparent resistivity is more affected by the resistivities of the lower layers of the

medium as s is increased.

Although experiments are commonly conducted using measurement techniques based on the
four-electrode configuration, the resistivity measured using the four-electrode method was
known to be affected by the electrode geometry [27] and the sample size [4], in particular for

biomedical applications where both fixed and small-volume samples are often encountered.
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The measured resistivities were reported to be considerably influenced by the geometry of the
electrode in [27]. It was also noted that the measured resistivity increased when the sample
size became smaller in [4]. In addition, when there was a decrease in the ratio of the inter-
electrode spacing with respect to the thickness of the tissue, there was an increase in the

measured resistivity of the tissue [4].

24  Concluding Remarks

This chapter presents a comprehensive review on the pioneering works on resistivity
measurement and its impact on the study and learning of the bioelectric phenomena and the
power system grounding. In addition, the fundamental methodology of the resistivity
measurement technique were also discussed in details - these form the groundwork for further

research work which will be presented in the subsequent sections in this thesis.
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CHAPTER 3 - REVIEW OF THE SOLUTIONS OF THE

LAPLACE’S EQUATION

3.1 Overview

In this chapter, the work of the solutions of the Laplace’s equation available in the literature is
reviewed. Theoretical novel geometric factors for the resistivity measurement of the
conductive media using both the four and the two-electrode methods are derived and
presented in the subsequent chapters. However, before the theoretical novel geometric factors
are derived, it is prudent to first comprehend the concept in deriving the electric potential,
which is denoted by V, of a point in a conductive medium in the presence of a current source
and the boundary. Once the expression of V has been derived, it can be utilised in the

derivations of the theoretical novel geometric factors presented in the subsequent chapters.

3.2  The Laplace’s Equation

The Laplace’s equation is one of the most significant partial differential equations in the
application of the mathematics to the physical phenomena and it occurs in many branches of
learning, including electrostatics [95]. The derivation of the Laplace’s equation is described
below. Consider a continuous current / flowing in a homogeneous isotropic medium. The

current passing through an element of the surface, denoted by SA, can be expressed as [91]:

I=J-6A (3.1)

where J is the current density.
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The electric field, denoted by E.and J are related through the Ohm’s law and expressed as:

J=0E (3.2)

where ¢ is the conductivity of the medium.

The electric field E is described as the gradient of a scalar potential and can be expressed as:

E=-VV. (3.3)

Consequently, substituting (3.3) into (3.2), the J canbe expressed as:

J=-cVV. (3.4)

If the charge is conserved within a volume enclosed by a surface A_: , then:

[7-d4 =o0. (3.5)
A,

From (3.5) and the Gauss’ Theorem, the volume integral of the divergence of the current

throughout a given region is equal to the total charge enclosed, hence:

J‘v .JdV =0. (3.6)

From (3.4) and (3.6), V-J =-V -V(6V)=0, thus:

Vo -VV +oVV =0. (3.7)

If o is constant throughout, Vo =0. Therefore (3.7) became the Laplace’s equation, which

is expressed as:

VivV=0 (3.8)
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The potential V at any point in the conductive medium satisfied the Laplace’s equation
V?V =0 [96]. Therefore, the V at all points in a semi-infinite conductive, homogeneous and
isotropic medium, which is due to a steady or direct current that enters the medium at the
surface, is determined by solving for V in the Laplace’s equation and applying the appropriate
boundary conditions. Such boundary conditions included either the known potential on the

surface of the metallic conductor or the potential behaviour at regions in infinity [95].

The above analysis is also applicable using an alternating current if the frequency is low
enough such that displacement currents are insignificant [91]. In the bioelectric problems, the
V can be assumed quasistatic, i.e., the capacitive and inductive effects and the finite speed of
propagation of the electromagnetic radiation can be ignored. This assumption is valid for
frequencies below 100 kHz for the bioelectric phenomena [97]. It was also reported in [24]
that the displacement currents can be ignored at frequencies less than 100 kHz. For power
system grounding applications, this direct current analysis is also valid for power system
frequencies. The direct current analysis is also a realistic approximation when analysis is

performed for large grounding system [98].

The Laplace’s equation can be solved using the method of the separation of the variables
when the appropriate boundary conditions are specified on the surface of a complete
coordinate system. Such coordinates included the cylindrical and the spheroidal coordinates,

where the Laplace’s equation can be expressed as follows [95]:

(i) Cylindrical coordinates (r,¢,z):

19,09V, 19V W
2V=—— —_— _—— 4 —— =
\"% (r . )+ 7 o + %

3% (39)
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(i)  Prolate spheroidal coordinates (7,5,0):

vw:i[(n’—n)a—v] a[{l—fs’)av] T8 BV 5, (3.10)

an an NET FE +iq2—lil—52i87f_

(iii)  Oblate spheroidal coordinates (7?.5,99):

n'+6* 9V

2 _i 2 ay i . 2a_v v

3.3  The Relationship between the Spheroidal and the Cylindrical Coordinates

Systems

A brief description of the spheroidal and the cylindrical coordinates systems is in order. The

relationship between the prolate spheroidal coordinates (77,8,¢) and the cylindrical

coordinates {r, @, z) [99] is shown in Fig. 3.1. 7, denotes the surface of the prolate spheroid,

a is the semifocal distance of the prolate spheroid, a\!r}oz —1 is the radius of the prolate

spheroid and 2a7, is the length of the prolate spheroid.

Figure 3.1 - The relationship between the prolate spheroidal coordinates (17,8,¢) and the

cylindrical coordinates (r,@,z).
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The relationship between the oblate spheroidal coordinates (7,0,4) and the cylindrical
coordinates (r,@,z) [99] is shown in Fig. 3.2. 1, denotes the surface of the oblate spheroid, a
is the semifocal distance of the oblate spheroid, a/77,” +1 is the radius of the oblate spheroid

and 2apn, is the thickness of the oblate spheroid.

gl -
I
,/ 41
__-_____--_H—\‘\I »
an,_ > r

« P
z (.6,9)
Figure 3.2 - The relationship between the oblate spheroidal coordinates (7,8,4) and the

cylindrical coordinates (r,,z).

It is worthwhile to note that slender cylindrical and planar disc objects are often modelled
using the spheroidal coordinates. The spheroidal coordinates are of consideration as the
general ellipsoidal form covers, as an approximation, almost the whole variety of possible
shapes for particles and segregates of physical interest [100]. Furthermore, the spheroids are
examples of objects that have continuously varying surface curvatures [101]. The prolate and
the oblate spheroids are of interest because the prolate and the oblate spheroids are good

approximation to the slender cylinders [101-105] and the planar discs [103-105], respectively.
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34  Solutions of the Laplace’s Equations

3.4.1 Cylindrical coordinates

The general solution to the Laplace’s equation in the cylindrical coordinates in (3.9) is shown

as follows. Consider a point current source (r,,z,) embedded in a semi-infinite conductive

medium of resistivity p as shown in Fig. 3.3. A total current of / is radiated from the source.

Air (Region 0)
L — r
Medium (Region 1) ;. 7 ) l
p Z

(r.2)

Figure 3.3 - Point current source (r; " z,] inside the semi-infinite conductive medium.

In Region 1 in the conductive medium, where there is a point current source and for the case

where 0 < z < z,, the general solution to (3.9) is given as [96]:

Vi (7, z)=f—;[fjo(b)e‘“—=-’dz+ [ 8., (are=da+ [ g, (Z.r)fkd/'l]‘ (3.12)

In the same region, where z = z, , the general solution is given as:

Voo r2)= %[f Jo(Ar)e=)dg + fa, (AW, (ar)e*da+ [ pJ, (&r)e”‘d/l:l . (313)

In region 0 in the air,

vu(r,z)zg[feo (AN, (Ar)e* = dA + f%.}r}(ﬂr)e""di]. (3.14)

The following boundary conditions were applied to (3.12) to (3.14). As z goes to negative

infinity, the value of V, (r—m) must go to zero; i.e., @, =0, as the term e™* cannot exist.
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Therefore,

V,,(r,z]=f_;; [ 6:(A),(ar)ean . (3.15)

Similarly, as z goes to infinity, the value of V, (r,e0) must go to zero; i.e., @, =0. as the term

™ cannot exist.
- pl Alz-z,) =

Visoper (T z)j;[f Jo(Ar)e*)dq + f 6,(A)J,(Ar)e “di], and (3.16)
_pI “a=z,) <

Vi (. 2)= 2] [ 3 (i an s [ 0,004k~ aa]. .17

At the interface between the air and the medium, the voltages and current densities normal to

the interface are equal. Therefore,

Vi sper (1:0) =V, (r,0)

for all the values of r, and J,

—W"L=u 0|;=o'

Hence, for all the values of r,

dv,
1 Tl g, (3.18)
pod |
Substituting z =0 into (3.15) and (3.16) and equating them result in
0,(2)=e* +6,(4). (3.19)
Also, solving (3.18), it is found that:
6,(1)=e*. (3.20)
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Substituting (3.20) into (3.19),

6,(2)=2¢7%. (3.21)

Finally, the general solutions for the voltage are obtained as follows. In Region 0, the

potential of a point is given as:

vo(r.z}=f—;r f 27, (Ar)e=dA . (3.22)

In Region 1, for the case where 0< z < z_, the potential of a point is given as:

Vicspper (r.2)=%[fa’u(lr}e""“’dﬁ+ L'Ju(ir)e““‘"-’dl] ; (3.23)

whereas, for the case where z 2 z_, the potential of a point is given as:

Wocliin)a %[ [ Jo(ar)ean+ f]o(ir)e"“‘""di]. (3.24)

Subsequently, only the potential in Region 1 is of interest [96].

Using the identity equation of Bessel function [96]:

[Jo(b)e“‘dﬂ =—21—7. (3.25)

r+z

Therefore, the potential of a point in the conductive medium that is induced by a point current

source, derived in the cylindrical coordinates, is expressed as:

I 1 1
V.(r,2)=2~ + . (3.26)
1 4 Jrz +(Z_Z’)2 \/P2+(Z+Z,)2
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3.4.2 Prolate spheroidal coordinates

The general solution to the Laplace’s equation in the prolate spheroidal coordinates in (3.10)
is shown as follows. Consider a prolate spheroid body in a conductive, homogeneous,
isotropic and infinite medium, when a current point source is inside the prolate spheroid body,

the potential distribution outside a prolate spheroid surface 77 =7,, which is held at potential

V, is expressed as [106]:

V= %Z:;[Am cos(mg)+ B,,, sin(mg)|P" (6 {%&ﬂ] (327

where
_— En (n-—m) ! il .
A, —E(2n+1) (Hm)!f cos(mg)d [ V,pr (8)dé (3:28)
i (n —m)! . = X
an - 4—":—(211 + I) (n 5 m)! E SIH(m¢M¢_[] VOPn (5}15 ? and (3'29)
€, is the Neumann factor, &, =1,¢,=2(n=1,2,3,...).

For a constant potential V, over the surface of the prolate spheroid body, this implies that the
potential V is independent of the coordinate ¢. Hence, f'cos(m¢)d¢=constant, which

occurs when cos(mg@)=1. This arises when m = 0. Similarly, for a constant V, over the

surface of the prolate spheroid body, the V is also independent of the coordinate & . Hence,
L V,P"(8)dé =V, [IP,,"' (6)dé = constant, which occurs when P"(8)=1. This arises when

m=n=0.

Therefore, for constant V, over the surface of the prolate spheroid body, the potential

distribution is:
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V = (A cos(0)+ B, sin(ﬂ}]Po(J{ 0,(n) ]

o Q,(m) )
0o\
= o ((5{ g :|
Aol 0,m)
where, from (3.28)
Ay = f“-(l)@ _|: "cos(0)dg [ V, P, (8)ds (3.31)
4z (o) i
Now
1 d"[, 3B
f A (8)= — ———[z = lr, which implies that, forn =0:
2"n'dz"
1 d°

P(8)=——~—lz* 1] =1. 332

o( ) 29(0)! dz° [z ]J ( )
For m =0, the value of £, is
£s=1; (3.33)
Therefore, substituting (3.32) and (3.33) into (3.31), the value of A, is expressed as:

1 y
A = [ (g [V, ()5
= (22W,(2) (3:34)
ar

=V,.

Consequently, from (3.30), for a constant V, at the prolate spheroid surface, the potential

distribution is expressed as:

75

v=vo[ (3.35)
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Now, for z>1,

0, (Z)

[( ~1)'In (”l)] ..(z)ln(z—}]. (3.36)

Substituting n = 0 into (3.36):

ol r{ g ron( )
i ]n[?:)_%ln(i_j) (337)

a1
2 \z-1
Substitute (3.37) into (3.35), the potential distribution V is expressed as:
V=V, lh] n+1 l[n Mo +1
2 \n-1)/ 2 \n,-1
:Vu ln(??_*'l]/] (qu +1J
7?-1 T -1

The total current [ applied to the prolate spheroid shaped electrode must cross the surface of

(3.38)

the electrode at 77 =17,, hence I can be expressed as [99]:
__l,[ 1 av
h on *
h, h V.
=Ll 4y Yo [— . ] (3:39)
pohy Q) -1
_ 4V, hﬁ:hﬁb
plﬂoz_lbo(’?o) hm

= dﬁladﬂn =1y

wherefrom(3.3?),mz£— : {UH _2;.
dn  dn|2 \n-1 n -1
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The metric coefficients h,, h;, and h, are obtained from [107] and derived as:

q2_§2 )

h,=a o : (3.40)
n -4

h;=a - ;and (3.41)

h, =a\ln ~1)1-6%). (3.42)

From (3.40) to (3.42),
hyhs azv'(ffnz -3 iﬂoz ‘l)
h - 2 s 2
o . J’?n : % (3.43)
7, —1
= a(qnz —1).

Substituting (3.43) into (3.39), I can be expressed as:

4raln,’ -1y,
g ) Y
P\l o\lo (3.44)

) 4?{&%: )]'

Substituting (3.44) into (3.38), the potential V of a point in the conductive medium induced by

a point current source /, derived in the prolate spheroidal coordinates, is expressed as:
pl n+1 M +1
V=—— In| — [/ In| ——
4mQ°(q°{ (n—l)/ (7?0_1)]
=p—"(1)1n To 1} 7+1) /1gf o +1 (3.45)
4mal\ 2 ;=1 n-1 1, —1

=ﬂ,l,{ﬂ_+1}_
8ra \n-1

=49
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7 is obtained from the defining equation for a confocal family of spheroids that is given by

[99]:

2
r’ Z

p (| i =1 (3.46)

From (3.46), n is expressed as:

rin? +Zz(??2 —l)=az(??2 -l)rf

7 =(a’ +r? +z2)i\[(a2 +ri 422 —4a?7?

(az +ri+ zz]i' 1[{02 +ri 4+ zz)2 —4a%7?
n= 7 .
2a
Since the range of 77 is 1< 77 <ee, therefore, from (3.47), 77 is obtained using:
(a2 +r? +z2)+'J(a2 +r? +::2]2 —-4a*7?
n= : : (3.48)
2a

For a long and thin or slender cylindrical electrode, the prolate spheroid surface 77, =1 [99]
and since a=1_/n,, hence a =1, . Therefore, from (3.45) and (3.48), the potential V of a

point in the conductive medium that is induced by a point current source [ in the prolate

spheroidal coordinates is expressed as:

% =%In(g—ji) (3.49)

c

s q:J(Ir" +r +z:]+ J(If +r +zz)2 —41%* . (3.50)

7 i
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3.4.3 Oblate spheroidal coordinates

The general solution to the Laplace’s equation in the oblate spheroidal coordinates in (3.11) is
shown as follows. Consider an oblate spheroid body in a conductive, homogeneous, isotropic
and infinite medium. Similar to discussions given in Section 3.4.2, for a constant potential V,
over the surface of the oblate spheroid, denoted by 7,, the potential function V is again
independent of the coordinates & and ¢. Hence, when a current point source is inside the
oblate spheroid body, the potential distribution outside a oblate spheroid surface 77 =1,, is
given by [107]:

V =A+Bcot™(n)

3.51)
=A+Btan™(I/n) :

where A and B are solved as follows. The potential V of a point at a large or infinite

distance from the current source or sink is zero, i.e.,, V>0 as 57—, As 77 — e,
(1/7) - 0, and consequently, tan™'(0)=0. Therefore, (3.51) can be expressed as:

1% =A+Bwn'1(l/q][

Tf=too
=A+ Btan™(0) (3.52)
=0.

For (3.52) to be zero and due to the fact that Btan™(0)=0, this implies that:

A=0. (3.53)

An oblate spheroid body will represent a planar disc when 7=0 [106]. Therefore, at the
surface of a disc modelled in the oblate spheroidal coordinates, i.e., at n=17,=0, the

potential on the surface of the oblate spheroid body, which is denoted by V,, , is expressed as:
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V, = a'it:;wn"(l/av]ﬂ_.0

= Bian(eo) (3.54)
= B(n/2).
Rearranging (3.54), B=2V,/x. (3.55)

Substituting (3.53) and (3.55) in (3.51), the potential distribution is expressed as:

v=2Yo 0 [‘J (3.56)
P n

The total current [ applied to the oblate spheroid body must cross the surface of the oblate

spheroid at 77 =17, , hence [99]:

[ f’ 1 oV ==k Jdgh,d3 |,

1 hyh 2V, 1
=——2 2 2)27) 2| - — (3.57)
p h'.'n s nﬂ +1
_ Svo hmk&
P[Unz + ]) h,,
where di}:tan"(lﬂ = ;] -
n n o 7, +

The metric coefficients for the oblate spheroidal coefficients are expressed as [107]:

T 2

b o (3.58)
n +1
2 7

hs=a ”l_““; : and (3.59)

h, =aJlp? +1)1-6). (3.60)
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Substituting (3.58), (3.59) and (3.60) into (3.57), the total current I applied to the surface of

the oblate spheroid body at 77 =7, is expressed as:

- 8V, [az\’iﬂoz+5oli7fuz+lj

- Pl +1)la m +6, ]/[q(f i 1)

) ;f°+l lalg,* +1) (el)
0

8aV,
b

Rearranging (3.61), the self-potential of an oblate spheroid is expressed as:

v, =2L (3.62)
8a

Substituting (3.62) into (3.56), the potential V of a point in the conductive medium induced by

a point current source /, derived in the oblate spheroidal coordinates, is expressed as:

v=LL ian (i) (.63)
4ra n

n is obtained from the defining equation for a confocal family of spheroids that is given by

[95]:

2[.2 *—=—=1, (3.64)

From (3.64), 1 is expressed as:

r’n® + 222 +1)=a*(7* +1)p?

2 _ (—a2 +ri+ zz)i\{(—az +r? +zz]2 +4a%7*

n Y (3.65)
-_J(—a2 +r’ +zz)iJ(~a’ +r2+22) +4a7?
7= 2a* ’

A
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Since the range of 77 is 0 <77 <o, therefore, from (3.65), 77 is obtained using:

nz\{(—aur’+z2)+\m“:”z+z1)z+4“’zz _ (3.66)
2a

For a planar thin disc electrodes, with radius b, the oblate spheroid surface 77, =0 [106] and

hence a =b. Therefore, from (3.63) and (3.66), the potential V of a point in the conductive

medium that is induced by a point current source / in the prolate spheroidal coordinates is

expressed as:
v =Pl gy [l) (3.67)
4rb n

wiis qu(—b’ +r2+.z2)+1,/(—bz+r2 +22) +4b?2?

=3 (3.68)

3.5 Concluding Remarks

In this chapter, the derivations of the fundamental expressions of the potential of a point in the
conductive medium induced by a point current source, in the cylindrical and the spheroidal
coordinates, which are available in the literature, are reviewed. These expressions are used in
the derivations of the geometric factors for the resistivity measurements by means of both the

four and the two-electrode methods, which are discussed in the subsequent chapters.
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CHAPTER 4 - RESISTIVITY MEASUREMENT OF FINITE-
VOLUME SAMPLES USING THE FOUR-ELECTRODE
METHOD WITH CONSIDERATION OF THE FINITE

DIMENSIONS OF THE ELECTRODES

4.1 Overview

The use of the four-electrode method for resistivity measurement in biomedical applications is
studied in this chapter. Measurements of the tissue resistivities are important in the study of
the biological systems and the four-electrode method, by means of the slender cylindrical
electrodes, is commonly used for the in situ resistivity measurements [4, 12, 22, 26-31]. In the
four-electrode method as shown in Fig. 4.1, which was proposed by Wenner [25], an array of

four slender cylindrical electrodes, each of length I, was arranged in a straight line with
equal inter-electrode spacing, s. It is to be noted that throughout this thesis, s and [, denote

the inter-electrode spacing and the length of the immersed electrode, respectively.

Lz
=&
Medium with Yy
resistivityp [ Ic Z
I R . — <

Figure 4.1 - Four-electrode method for in situ resistivity measurement using slender

cylindrical electrodes.

It is worthwhile to note that besides the use of the slender cylindrical electrodes, in sifu
resistivity measurements have also been conducted using the planar disc electrodes [24], as

shown in Fig. 4.2. It is to be noted that the radius of the disc electrode is denoted by b.
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“©

vV
Air s s s i
Medium with 4 B C D JZV'

resistivity p
Figure 4.2 - Four-electrode method for in situ resistivity measurement using planar disc
electrodes.

Referring to Fig. 4.1, the current stimulus electrodes A and D are modelled as point current
source and sink, respectively, whereas the electrodes B and C are modelled as point potential
electrodes. The potential difference V between the two non-current carrying inner electrodes
B and C is measured using a precision instrumentation differential amplifier with a high input
impedance when a current I flows between the two outer electrodes A and D. The effect of the
electrode polarisation at the current source and sink electrodes, which have been shown to be
dependent on the electrode material, current density, frequency of excitation signals, etc., is
usually modelled by the Randles equivalent circuit [108]. By using separate pairs of
electrodes for the flow of excitation current and voltage sensing, the problems associated with
the effect of the electrode polarisation impedance at the measurement electrodes can be
effectively eliminated [3, 12, 22, 23, 27, 28, 30, 47, 82-86]. The effects of the electrode
polarisation impedance on the measurements were made negligible at the potential electrodes
by the high input impedance of the measurement circuit that is used to measure the potential

difference across the measurement electrodes, which are the potential electrodes [26].

Consider a four-electrode measurement system with the electrodes arranged such that the
finite dimensions of the electrodes are small in comparison to s, i.e., either [, is small in
comparison to s in the case of the slender cylindrical electrodes, or b is small in comparison to
s in the case of the planar disc electrodes. All the electrodes are immersed in a homogeneous,

isotropic and semi-infinite medium, and the four electrodes are modelled as points. In the
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circumstances, the resistivity of the medium is obtained from the following well-known

expression [24, 26, 27, 37]:

Pk, p =(K..E.,,,)R .1)

where K,, , is the geometric factor, p,, , is the resistivity determined using K, , . Here,
K, , =27s and R is the measured resistance (R=V/I). The subscripts 4E and pt denote

four-electrode and point, respectively. When the medium is non-homogenous, the apparent
resistivity is determined. It is to be noted that the apparent resistivity, or the resistivity for a

homogeneous medium, is a function of the s. The inverse of the electrical resistivity p is the

electrical conductivity .

Due to the differences in the experimental set-up and the types of tissue tested, there exists a
wide variation in the published values of the tissue resistivity, ranging from 1 Q-m to 25
Q-m [4, 12, 22, 26-28]. According to Geddes, other possible reasons for the wide range of
resistivities include the frequency used and the nature of the tissue [32]. The wide variation in
the reported resistivities have also been viewed from a measurement theoretical viewpoint and

attributed to one or more of the following factors [2]:

(i) errors in the measurement set-up and the method applied to calculate the resistivity
from the actual measured data,
(ii) differences in the tissue preparation and conditioning, and

(iii)  inter-individual differences in the (patho-) physiological state of the tissue samples.

The calibrations of the experimental set-ups and the experiments pertaining to the biomedical
analysis and applications have often been conducted by means of a saline solution and/or a

layer of agar gel [12, 22, 28, 29, 35, 40, 46, 47, 50, 51, 109-117]. In particular, a physical
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model consisting of air, a saline solution layer and an agar layer has also been used to
demonstrate the dependence of apparent resistance of four-electrode probes on insertion depth
[28]. Studies based on computer simulation and experimental results have shown that in

situations whereby the slender cylindrical electrodes are used and /. is not small in
comparison to s, the measured tissue resistivity, which is obtained using K,; , in (4.1), is

affected by the geometry of the four-electrode probes [27]. In practice, the measurements of

many tissue samples would require a small s in comparison to [_, for example, s = 1.5 mm
and [, =6 mm [12]. In [12], the measurement set-up was calibrated with a saline solution of

known resistivity.

The subject of using the slender cylindrical or plunge electrodes for the resistivity

measurement is of particular concern. It is noted that in the event that /. is not small in

comparison to s for the resistivity measurement, the condition for which (4.1) is applicable
will be violated. As such, electrodes A and D can no longer be modelled simply as point
current source and sink. In the circumstances, it becomes necessary to consider the
dimensions of the source and sink electrodes in the model to derive the geometric factor for
resistivity measurement. The modelling of the slender cylindrical electrodes in the cylindrical
coordinates for the determination of the resistivity in the four-electrode method has been

presented by Baishiki ez al. [37], and the Baishiki’s geometric factor is expressed as follows:

Pig,oi = (K4E,r)d )R (4.2)

where K,; ., is the geometric factor and the subscripts 4E and cy! denote four-electrode and
cylindrical, respectively. p,; ., is the resistivity determined using K, , and

2rl

[

. 2+m _'_Z\h_'_(s/,cc}l_\/4+(s/!c)2 _(Ji)

KlE.c.\" =

1441+ (/1)

s
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It is worthwhile to note that (4.2) is derived in the cylindrical coordinates by assuming that
the current distribution is uniform along the electrode except at the end of the electrode [37],
as shown in Fig. 4.3(a). The stimulus source or the sink electrode is represented by a line
current source or sink of constant current density and the potential of a point in the medium is
not a function of the diameter of the stimulus electrode.

Air (a) Air (b)
Medium Medium

PRI
222222
xRAAAAAD
KUddyidy

Figure 4.3 - Current distribution of a current source electrode modelled in (a) the cylindrical

coordinates and (b) the prolate spheroidal coordinates.

In this chapter, the slender cylindrical source and sink electrodes are modelled in the prolate
spheroidal coordinates. The spheroidal coordinates are in consideration as the general
ellipsoidal form covers, as an approximation, almost the whole variety of possible shapes for
particles and segregates of physical interest [100]. Furthermore, the spheroids are examples of
objects that have continuously varying surface curvatures [101]. The prolate spheroids are of
fundamental interest because the prolate spheroids are good approximation to the cylinders
[101-105]. In addition, when the stimulus source electrode is modelled in the prolate
spheroidal coordinates, the current distribution is emanating all round the surface of the
electrode, as shown in Fig. 4.3(b), and the diameter of the stimulus electrode is also taken into
consideration. The modelling of a single cylindrical electrode in the prolate spheroidal
coordinates has been explored and an expression for the resistance of such an electrode has

been presented [99].
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The contributions of this chapter are the theoretical derivation and the experimental validation
of a new geometric factor, derived in the prolate spheroidal coordinates, for resistivity
measurement using four slender cylindrical electrodes. The theoretical geometric factor took
the shape and dimensions of the electrodes and the spacing between them into account in
order to obtain the dependence of the resistance between the electrodes on the resistivity of
the medium. The evaluation of the experimental results showed that the saline resistivities
obtained using the derived geometric factor were accurate and consistent in a wider range of
cases, even when [, was either comparable to or larger than s. The evaluation also showed the
effect of the relative size of the sample volume when the limitation to the semi-infinite

volume began to result in poor accuracy.

This chapter is organised as follows. A new geometric factor for the resistivity measurement
using the four-electrode method is derived in the prolate spheroidal coordinates as described
in Section 4.2 The numerical simulations results conducted using the derived geometric factor
are shown in Section 4.3. The measurement system is described in Section 4.4. The
experimental set-up and the experimental procedures are described in sections 4.5 and 4.6,
respectively. The measurements were taken in the laboratory using slender cylindrical silver
(Ag) electrodes immersed in the saline solutions. The experimental results are presented,

evaluated and discussed in Section 4.7. The concluding remarks are given in Section 4.8.

4.2  The Theoretical Geometric Factor for Resistivity Measurement with
Slender Cylindrical Electrodes Modelled using the Prolate Spheroidal

Coordinates

The theoretical geometric factor for the resistivity measurement using the four-electrode

method with slender cylindrical electrodes modelled using the prolate spheroidal coordinates
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is shown hereafter. Consider the four-electrode method as shown in Fig. 4.1, which uses four
slender cylindrical electrodes. The terms “slender” and “cylindrical” are used to describe a

cylindrical rod electrode which has a circumference that is small in proportion to its length.

4.2.1 Potential of a point

The current source and sink electrodes, A and D, respectively, are modelled in the prolate

spheroidal coordinates as shown in Fig. 4.4.

i 1

[] ]

[} | I ]

f‘—m—)ﬂ—ﬁ

______________ l._"{_ ‘__S__'___S__ ! L r
Medium with Z.‘T E::%_:ﬂ 3 1_’
resistivity p v E —i—>f I *
Ay j.‘..;?.l_':!‘_:l_._,__ = A

A B C D
Figure 4.4 - Application of the image method for currents to the current source and sink

electrodes A and D, respectively, with the electrodes modelled in the prolate spheroidal

coordinates.

A brief description of the prolate spheroidal coordinates system has been given in Section
3.42. Consider a half-prolate spheroid source electrode with current / in a conductive,
homogeneous, isotropic and semi-infinite medium. Applying the image method for currents
[118], the result is a prolate spheroid with a current of 2/ emanating from its surface into an

infinite medium of resistivity p. Making use of (3.49), the potential of a point P in the

medium induced by the source electrode with current 27 is given by [99]:

T (ZI)In(FﬂJ

T 8m \n-1

(4.3)
_ pl In n+1
4rl, \n-1

with 77 defined in (3.50).
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4.2.2 Potential of an electrode

The problem of determination of the resistivity using the four-electrode method in the prolate
spheroidal coordinates is now addressed. It is assumed that the presence of the potential
sensing electrodes do not affect the electric field lines generated by the current source and
sink electrodes. Referring to Fig. 4.4, each potential sensing electrode is divided into n

segments with each segment i located at a depth z;. It is to be noted that all the electrodes in

Fig. 4.4 have the same I . The potential of the i™ segment of the electrode B, which is
induced by the current source and its image at the electrode A, is determined using (4.3). This

potential of the electrode B, which is denoted as V, ,, is then determined by averaging the

total potential of every segment along the length of the electrode B and expressed as:
I : i+l
VB A= p— l In L . {4. 4}
! 4;:11‘ n)iz 7?1‘ P 1

The value of 7, ; in (4.4) is obtained from (3.50) by substituting r = 5 as shown below:

., = (I(:! + 32 + zi2)+J(lt;I:sz 4 1[2 )2 _41.:2:;2 {45)

[

where z, =[1.(2i-1)]/2n.

Similarly, the potential of the i segment of the electrode B, which is induced by the current
sink and its image at the electrode D, is determined using (4.3). This potential of the electrode

B, which is denoted as V, ,, is then determined by averaging the total potential of every

segment along the length of the electrode B and expressed as:
-pl ( 1\, [ 7t
Veop=—""|— |2 In| ——|. 4.6
PP 4xi \n z, M —1 (ko)

< &5
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The value of 77, ; in (4.6) is obtained from (3.50) by substituting r = 2s as shown below:

J (2 +as? 422 )42 + 452+ 22f -1

21°

¢

= (4.7)

The overall potential of the electrode B, which is denoted as V,, is obtained by adding V, ,

and V, ,, i.e., adding (4.4) and (4.6), respectively and expressed as:
I n +1 -1
V, =L(1]Z In LT ] il ) 4.8)
4rl_\n )3 =1 hm,, +1

Next, the potential of the i" segment of the electrode C, which is induced by the current
source and its image at the electrode A, is determined using (4.3). This potential of the

electrode C, which is denoted as V.. ,, is then determined by averaging the total potential of

every segment along the length of the electrode C and expressed as:

pl [(1)& 7, +1
Vo, ==—|—=[> In : 4.9
i, LTJ; (’T:.:‘ _IJ vt

Similarly, the potential of the i" segment of the electrode C, which is induced by the current
sink and its image at the electrode D, is determined using (4.3). This potential of the electrode

C, which is denoted as V. ,, is then determined by averaging the total potential of every

segment along the length of the electrode C and expressed as:

-pl(1\&, [ M+]
V. =125 ! 4.10
i 4?rfr[n)§ [q,_,.—l 0
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The overall potential of the electrode C, which is denoted as V., is obtained by adding V.,

and V. ,, i.e., adding (4.9) and (4.10), respectively and expressed as:

o +1 =1
V= PI )Z ql: ’72‘; | @.11)
arl, i=1 U],‘l M. +1

4.2.3 Potential difference between electrodes B and C

The potential difference between the two inner electrodes B and C, which is denoted as V, is

obtained by subtracting V. (4.11) from V, (4.8), and expressed as:

—p_l l g nl-i+1 qi.i_l
e 27l [n],z..:m[[n,_,. —II:;M +1]]' (4.12)

424 Theoretical geometric factor for resistivity measurement using the four-

electrode method in the prolate spheroidal coordinates

Therefore, with regards to the four-electrode method using slender cylindrical electrodes in

the prolate spheroidal coordinates, rearranging (4.12) and denoting the resistivity measured as

Pk, ps» WE get:

Pik.ps = (K. i R, 4.13)

where R, =V/I. The subscripts 4E and ps denote four-electrode and prolate spheroidal,
respectively. The theoretical geometric factor K, , is expressed as [119]:
2zl
Kig = £ (4.14)
(l)" M+ n, -1
= Z]n e S e M,
nJia M. =1\ +1

with 7, , and 7, ; defined in (4.5) and (4.7), respectively.
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In the event that electrodes B and C are considered as points on the surface of the medium, the
expression (4.14) is simplified to:

27l
K : (4.15)

4£.ps:
m-1An,+1

where from (4.5) and (4.7),

n,=(s/l.) +1,and (4.16)

n,=+(2s/l.)* +1, respectively. (4.17)

4.3 Numerical Simulations of the Derived Geometric Factor

Using numerical simulations, the effects of s, /, and non K, , in (4.14) were investigated,
and the results were tabulated in Table 4.1. The effects of s and /. on K, , in (4.1) and

K in (4.2) were also simulated and tabulated in Table 4.1.

4E, eyl

Table 4.1 - Numerical values of the geometric factors for different inter-electrode spacing,

immersed electrode length and number of segments.

[ s K K K K

c K K 4E, ps 4E, ps 4E, ps 4E, ps
(mm) (mm) TeEmTEESL L 25 p=10 n=100
5 0.006 0.026 0.025 0.032 0.034 0.036

1

2 0.013 0.030 0.029 0.033 0.034 0.035
3 0.019 0.034 0.033 0.036 0.037 0.037
4 0.025 0.03 0.038 0.040 0.040 0.041
5 0.031 0.044 0.043 0.045 0.045 0.045
10 0.063 0.071 0.070 0.071 0.071 0.071
20 0.126  0.130 0.130 0.130 0.130 0.130
30 0.189  0.192 0.191 0.191 0.192 0.192
40 0.251 0.254 0.253 0.254 0.254 0.254
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10 0.006  0.049 0.046 0064 0.076  0.093
0.013 0.052 0.049 0.063 0.068  0.073
0019 0.056  0.053 0.064  0.067  0.069
0.025 0.060  0.057 0.066  0.068  0.069
0.031 0.064  0.061 0.069  0.070  0.071
0063  0.088 0.085 0.089 0900  0.900
0.126 0.142  0.140 0.142 0.142  0.142
0.189 0200 0.199 0200 0200 0.200
0.251 0260 0259 0260 0.260  0.260

8RS0 wm—-

The plots of K, ,, K,z ,, and K, , for [, of 5 mm and 10 mm as s was varied are

shown in Fig. 4.5(a). In the numerical simulations of K, ,, in (4.14), n was set at 100.
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Figure 4.5 - Numerical values of the geometric factors as the inter-electrode spacing was
varied from (a) 1 mm to 40 mm, and (b) | mm to 10 mm, with the number of segments used

to compute the derived geometric factor K, . in (4.14) set at 100.
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Figure 4.5(b) showed the difference between K, ., K, . and K, ,  at small s
(1mm < s <10 mm). Although the finite dimensions of the electrode were considered in the
derivation of both K,, . and K, ,, there was a significant difference in K, and
K, , when s was small in comparison to /, e.g, s<5mm and /, =10mm. The
simulation results also showed that the numerical values of K,; ,, K, ., and K, , were

close to each other when s was large in comparison to /_, e.g., when s>5/_.

44  Measurement System

The derived geometric factor was validated through experiments conducted. The

measurement system consists of three distinct components:

(i) square wave generator,
(ii) current source unit, and

(iii) voltage measurement unit.

4.4.1 Square wave generator

The functions of the square wave generator are to provide a square wave voltage to the dual
Operational Transconductance Amplifier (OTA), which is a voltage-to-current converter, and
to control the frequency of the current source. The operational amplifier used for the square
wave generator was the LM7171 from National Semiconductor. The square wave generator
was designed using a resistor-capacitor (RC) network and a Schmitt trigger. A 50% duty

cycle square wave was realised and the frequency of the square wave can be varied by
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varying the RC time-constant of the RC network. It is worthwhile to note that biomedical
experiments were often conducted using a periodically-reversed source [5, 26, 27, 36, 41, 45]
and the use of a square pulse as the measuring signal permitted detection of unusual
polarisation or other effects that might have been associated with the measurement errors

[26).

4.42 Current source unit

A square wave current was generated from the square wave voltage by means of the OTA, the
LM13700N from National Semiconductor. There are two OTAs inside each LM13700N, The
input of each OTA was a differential voltage and the output was a current that is determined
by the ratio of the input voltage and a gain resistor. The transconductance, which is the ratio
of the output current to the input differential voltage, was controlled by means of the amplifier

bias current. The current / was passed through a resistor R, of known value, and the value of
I was then determined by taking the ratio of V, and R,, where V, denotes the potential

difference across R,.

4.4.3 Voltage measurement unit

The voltage difference V between two electrodes which was induced by the current [ injected

was measured using a precision instrumentation differential amplifier with an input

impedance of 10'°Q , the INA128 from Burr-Brown Products, Texas Instruments. Both V and
V,, were observed using an oscilloscope (LeCroy model WaveSurfer 424) as shown in Fig.
4.6, with a resolution of 8 bits. It is worthwhile to note that both V and V; were observed

with a precision of 4 significant figures.
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Figure 4.6 - The oscilloscope (LeCroy model WaveSurfer 424).

4.5  Experimental Set-Up

Using the measurement system, the experiments were conducted to validate the proposed
geometric factor using the four-electrode method, as shown in Fig. 4.7. The functions of the

various components of the measurement system have been discussed in Section 4.4.

. L Voltage
Oscilloscope Misnrensent
V V
1=V, /R, | _L—-
i AN
b % :
Square Wave Esl Current v I
Generator Source =
A B CD A
Cylindrical Saline solution
container with resistivityp

Figure 4.7 - The measurement system for experiments using the four-electrode method with
slender cylindrical electrodes. The current was injected into the electrode A while the
electrode D was grounded.
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The test model consisted of a saline solution in a cylindrical metallic container, with a
diameter of 400 mm. Saline solutions with resistivities similar to that of biological tissues
have been widely used for biomedical experiments, as described in Chapter 2. The maximum
s used in the experiments was 30 mm. Since the current I was only injected through the
electrode A while the electrode D is grounded, as shown in Fig. 4.7, only one of the two
OTAs inside the LM13700N was used to convert the square wave voltage into a constant
alternating current. The magnitude of the current was determined by controlling the ratio of
the input voltage and a gain resistor. The measured R was taken as the ratio of V to I and the
calculated resistivities obtained using the derived geometric factor were compared with the

resistivities measured using the commercial conductivity meter (Y SI model EC300).

4.5.1 Saline solutions

The saline solution was prepared by mixing common salt (sodium chloride) and water. Two
saline solutions, 4X and 4Y, were prepared. The saline solutions were prepared in a metallic
cylindrical container. The salt concentration of the saline solutions 4X and 4Y were 0.0427
mol/litre and 0.00114 mol/litre, respectively; these concentrations were chosen to
approximate that of biological tissues. The resistivities of the saline solutions were measured
to serve as a reference for comparison, using a commercial conductivity meter (YSI model

EC300) as shown in Fig. 4.8, with a resolution of 0.01 mS/cm.
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Figure 4.8 - The commercial conductivity meter (YSI model EC300).

The detailed description of the commercial conductivity meter is given in [120]. The
commercial conductivity meter uses a test cell, which is located inside a probe, to measure
and determines the conductivity or its inverse, the resistivity of the saline solution. For
resistivity measurement using the commercial conductivity meter, the probe was immersed
into the saline solution. The resistivity obtained using the conductivity meter is denoted as

P... » where the subscript cm denotes conductivity meter.

The temperature of the saline solution was measured using a thermometer (Fluke model
FLUG65) as shown in Fig. 4.9, with a resolution of 0.1°C . The saline solutions were measured
to be 21 °C and all measurements were conducted when the saline solutions were at 21°C.
Unless otherwise stated, the depth h of the saline solution was maintained at 60 mm

throughout the experiments.
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Figure 4.9 - The thermometer (Fluke model FLUG65).

4.5.2 Electrodes

The experiments were conducted using the four-electrode method, where four slender
cylindrical Ag wires were used. The Ag wires used in the experiments were purchased from
A-M Systems, Inc., Carlsborg, USA. The diameter of the Ag wire was measured using a
digimatic calliper (Mitutoyo model CD-6" CsX) as shown in Fig. 4.10, with a resolution of

0.01 mm. The diameter of the Ag wire was measured to be 0.38 mm.

Figure 4.10 - The digimatic calliper (Mitutoyo model CD-6" CsX).
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4.6  Experimental Procedures

4.6.1 Effect of the frequency on the measured resistance

Experiments were first conducted to study the effect of the frequency of the current source f
on the measured resistance R with s and /. both fixed at 5 mm. f was varied from 10 Hz to 10

kHz.

4.6.2 Effects of 5, [, and h on the measured resistance and the calculated resistivity

Subsequently, experiments were conducted to study the effects of varying s, /. and h on the
measured variable R and the calculated resistivity. With h of 60 mm, the electrodes were first
fixed at a particular s and then lowered into the saline solution by rotating a micrometer. The
electrodes were immersed to the required /_, and measurements were taken for the particular
s and I . The above procedure was repeated as s was varied from 5 mm to 30 mm, and /. was

varied from 2 mm to 5 mm.

Next, the measurements were taken with s and /_ both fixed at 5 mm and h decreased in steps
of 10 mm from 60 mm. The above procedure was repeated with /_fixed at 5 mm and s varied

from 5 mm to 30 mm. The experiments described above in this section are conducted for both

saline solutions 4X and 4Y.
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4.7  Experimental Results and Discussions

4.7.1 Shape of typical waveforms of Vand V,,

The shape of the typical voltage waveforms of V and V, were observed using the

oscilloscope as shown in Fig. 4.11. The amplitude function of the oscilloscope, which
measures the difference between the upper and lower levels in two-level signals, was used to

determine V and V,, . The amplitude function differs from measurement of the peak-to-peak

in that the noise, overshoot, undershoot and ringing do not affect the measurement [121].

Figure 4.11 - Typical waveforms of Vand V,, .

From each set of measured V and V; , the corresponding measured resistance R was
determined. p,,, P, and p,p ,, were calculated using K, , in (4.1), K, ., in (4.2) and

K.s. , in(4.14), respectively.

Table 4.1 showed that for the range of s (5 mm and above) and /., (2 mm and 5 mm) used in
the experiments, K, , remained relatively constant when the number of segments n used

was 10 and above. Hence for the calculation of K,,  in this section, the n used was 10.
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The following percentage differences are defined:

% Diff, =[M)x100% (4.18)
Pen

% Dif, = {MJ x100% (4.19)
Pom

i% Diff,l3 = (Mﬂ]x 100% (4.20)
p"m

in order to determine the percentage deviation of the calculated resistivities P,y ,,» Pur o
and p,, , from p_ . Using the commercial conductivity meter, p,, for saline solutions 4X

and 4Y were found to be 2.066 Q-m and 40.58 Q-m, respectively.

4.7.2 Effect of the frequency on the measured resistance

As the frequency f of the current source was varied, the measured resistance R of saline

solutions 4X and 4¥ were tabulated in Table 4.11.

Table 4.11 - Measured resistances of saline solutions 4X and 4Y as the frequency was varied.

Saline solution 4X  Saline solution 4Y

f R R
(Hz) @) @)
10 45.2 905
20 454 910
30 45.6 899
40 45.5 908
50 45.2 902
100 45.1 906
200 452 906
300 452 902
1000 45.4 908
2000 45.1 914
3000 45.5 899
5000 45.7 903
10000 45.7 907
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The evaluation of the experimental results showed that the measured R remained fairly
constant and was not affected by the frequency as the frequency was varied from 10 Hz to 10

kHz. Henceforth, the frequency used to investigate the effects of 5, . and h on the measured
R and the calculated p was 3 kHz. It is also worthwhile to note that the tissue impedance is

considered mostly resistive in the low frequency range [4, 122].

4.7.3 Effects of 5, I_ and h on the measured resistance and the calculated resistivity

The measured R for saline solutions 4X and 4Y, which were obtained as s and /_ were varied,

were tabulated in Tables 4.11I and 4.1V, respectively. From the measured R, the resistivities

were calculated using the geometric factors K,; , in (4.1), K,z ., in (4.2) and K,; , in

(4.14) for different combinations of s and /_ .

Table 4.111 - Measured resistances and calculated resistivities of saline solution 4X.

5 L R Pse, ; Pk, o ; Pk, ps :
% Diff. % Diff. % Diff.
(rnm) (mm) (Q) (- m) | 1 -|1 (Q . m) | 'Iz (Q . m) l 1 ‘Ia
S 59.8 1.85 10.5 2.03 1.74 2.03 1.74
549 1.70 17.7 2.03 1.74 2.03 1.74

499 1.55 25.0 2.00 319 2.05 0.77
454 1.41 31.8 2.00 3.19 2.04 1.26
40.7 1.26 39.0 1.95 5.61 1.99 3.68
373 1.16 439 1.94 6.10 2.01 2.7
342 1.06 48.7 1.92 7.07 2.02 2.23
31.5 0.98 526 1.89 8.52 2.05 0.77
29.2 091 56.0 1.87 949 2.04 1.26

NEBEWRNUEWRNUNEWN SV R WR

10 313 1.97 465 2.00 3.19 200 3.19
30.8 1.94 6.10 2.03 1.74 2.03 1.74
29.6 1.86 9.97 2.01 271 2.01 2.71
28.2 1.78 13.8 2.00 3.19 2.00 3.19
20 16.1 2.03 1.74 2.03 1.74 2.03 1.74
16.0 2.02 223 2.03 1.74 2.03 1.74
15.7 1.98 4.16 2.03 1.74 2.03 1.74
155 1.95 5.61 2.02 223 2.02 2.23
30 10.8 2.04 1.26 2.04 1.26 2.04 1.26
10.8 2.04 1.26 2.05 0.77 2.05 0.77
10.6 2.00 3.19 201 27 2.01 271
10.6 2.00 3.19 2.04 1.26 2.04 1.26
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Table 4.1V - Measured resistances and calculated resistivities of saline solution 4Y.

s L, R Pk, ; Pk | P, ;
o) (@) @ (o r:) |% Diff, @-m) |% Diff], @. ::) | % Diff),
5 1160  36.0 113 39.5 2.66 39.5 2.66

1070 33.1 18.4 395 2.66 395 2.66
991 30.7 24.4 39.6 2.41 40.6 0.05

210 39.7 2.17 399 1.68 399 1.68
213 40.3 0.69 40.6 0.05 40.6 0.05
214 40.4 0.44 41.0 1.03 41.0 1.03

2

3

4

5 886 275 322 39.0 3.89 399 1.68

6 798 24.8 38.9 38.3 5.62 39.1 3.65

! 735 22.8 43.8 38.2 5.86 39.7 2.17

8 673 209 48.5 37.7 7.10 39.7 2.17

9 617 19.1 52.9 37.0 8.82 40.1 1.18

10 573 17.8 56.1 36.7 9.56 40.1 1.18
10 2 637 40.1 1.18 40.8 0.54 40.8 0.54

3 604 38.0 6.36 39.8 1.92 398 1.92

4 591 37.2 8.33 40.2 0.94 40.2 0.94

5 569 35.8 11.8 40.4 0.44 404 0.44
20 2 318 40.1 1.18 40.1 1.18 40.1 1.18

3 316 39.8 1.92 40.1 1.18 40.1 1.18

4 318 40.0 1.43 41.0 1.03 41.0 1.03

5 309 38.9 4.14 40.1 1.18 40.1 1.18
30 2 211 39.9 1.68 39.9 1.68 39.9 1.68

3

4

5

The evaluation of the experimental results showed that when [ <s, p_ was in good
agreement with both p,, . and p,; ., with a percentage difference of less than 5%. For the
range of / tested such that s</ <25, p_ and p,; , were still in good agreement, where

| % Diff|, <5%. In contrast, |% Diff|, >5%. In addition, |% Diff], increased as I, is

increased while s was fixed.

The experimental results for saline solutions 4X and 4Y, which were obtained as & was varied,
were tabulated in Tables 4.V and 4.VI, respectively. From the measured R, the resistivities

were calculated using the geometric factors K, , in (4.1), K, ., in (4.2) and K, ,, in

(4.14) for different combinations of s and h of the saline solutions with /_ fixed at 2 mm.
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Table 4.V - Measured resistances and calculated resistivities of saline solution 4X.

s h R PsE. p ; P, o ; PiE, ps ;.
(om) (om) @ (@om) PO g.m) PP o %D
5 10 39.1 1.21 414 1.72 16.8 1.76 14.8

20 438 1.36 342 1.93 6.58 1.97 4.65
30 447 1.38 332 1.97 4.65 2.01 2T
40 449 1.39 32.7 1.98 4.16 2.02 2.23
50 45.0 1.40 322 1.98 4.16 2.03 1.74
60 449 1.39 327 1.98 4.16 2.02 2.23
10 10 174 1.09 472 1.23 40.5 1.23 40.5
20 26.1 1.65 20.1 1.86 9.97 1.86 9.97
30 28.1 1.77 144 2.00 3.19 2.00 3.19
40 28.6 1.80 129 2.03 1.74 2.03 1.74
50 28.8 1.81 124 2.04 1.26 2.04 1.26
60 28.8 1.82 119 2.05 0.77 2.05 0.77
20 10 3.42 043 792 0.44 78.7 0.44 78.7
20 10.1 1.28 38.0 132 36.1 1.32 36.1
30 12.9 1.62 21.6 1.67 19.2 1.67 19.2
40 14.5 1.83 114 1.89 8.52 1.89 8.52
50 15.1 1.90 8.03 1.96 5.13 1.96 5.13
60 154 1.94 6.10 2.00 3.19 2.00 3.19
30 10 042 0.08 96.1 0.08 96.1 0.08 96.1
20 4.77 0.90 56.4 0.92 55.5 0.92 355
30 7.39 1.40 322 1.42 31.3 1.42 313
40 8.65 1.64 20.6 1.66 19.7 1.66 19.7
50 991 1.87 9.49 1.90 8.03 1.90 8.03
60 10.3 1.95 5.61 1.98 4.16 1.98 4.16

Table 4.VI - Measured resistances and calculated resistivities of saline solution 4Y.

5 h R Pk, o . Pk, o p Pk, ps .
% Diff % Diff. % Diff
o) ) @ ) O oy [P0 g DI,
5 10 763 237 41.6 336 17.2 343 15.5

20 880 273 327 38.7 4.63 39.6 241
30 896 27.8 315 394 2.91 40.3 0.69
40 900 27.9 31.3 39.6 241 40.5 0.20
50 904 28.0 31.0 39.8 1.92 40.7 0.30
60 901 279 313 39.6 241 405 0.20
10 10 333 21.0 48.3 23.6 41.8 23.6 41.8
20 491 30.9 23.9 349 14.0 349 14.0
30 547 34.4 15.2 38.8 4.39 38.8 4.39
40 548 345 15.0 389 4.14 389 4.14
50 558 352 133 39.6 241 39.6 2.41
60 569 358 11.8 40.4 0.44 40.4 0.44
20 10 583 7.35 81.9 7.58 81.3 7.58 81.3
20 188 237 41.6 244 39.9 244 399
30 249 31.4 22.6 324 20.2 324 20.2
40 273 343 15.5 354 12.8 354 12.8
50 288 36.3 10.6 374 7.84 374 7.84
60 306 38.6 4.88 39.8 1.92 398 1.92

o
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30 10 2.58 0.49 98.8 0.50 98.8 0.50 98.8
20 71.7 13.6 66.5 13.8 66.0 13.8 66.0
30 128 242 404 245 39.6 24.5 39.6
40 166 31.3 229 31.9 214 319 21.4
50 186 35.2 133 35.8 11.8 358 11.8
60 210 39.7 2.17 40.3 0.69 40.3 0.69

As I, s, and h were varied, the experimental results of the following test cases were also
plotted:

Figure 4.12: s=5mm and 2mm</_ <10mm.

Figure 4.13: I, =5mm and 5mm < s <30 mm,

Figure 4.14: | =5mm and 10mm <A <60mm for different s (s fixed at 5 mm, 10 mm, 20

mm, and 30 mm).

As shown in Section 4.3, there was a significant difference in K,, , and K only when s

4E, ps
was small in comparison to /_, e.g., sS5mm and /. =10mm. As such, the plot of p,; ,

was included in Fig. 4.12 only. Furthermore, only the plots of resistivity for the saline

solution 4X were presented. Similar plots were obtained for the saline solution 4Y.

3 T T T T T
2,
g
(=1
=
i

= 128 |
UU 2 4 6

8
Length of immersed electrode, J'l_ (mm)
Figure 4.12 - The plots of resistivity p for saline solution 4X as s=5mm and
2mm<l_<]0mm . The resistivities were obtained using a commercial conductivity meter

and the geometric factors K, ., K, ,,and K, .

B p .
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Figure 4.13 - The plots of resistivity p for saline solution 4X as I =5mm and

S5mm< s<30mm. The resistivities were obtained using a commercial conductivity meter

and the geometric factors K,; , and K, ,.
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Depth of saline solution, & (mm)
Figure 4.14 - The plots of resistivity p for saline solution 4X as /. =5mm and
10mm<h<60mm for different s (s fixed at 5 mm, 10 mm, 20 mm, and 30 mm). The

resistivities were obtained using a commercial conductivity meter and the geometric factor

Kis ps

Our main findings from the experiments conducted on the finite-volume samples, as well as a
comparison with the measurements obtained using the commercial conductivity meter, are
summarised below. It is to be noted that the findings were based on the evaluation of the

experimental results for which the minimum s was 5 mm.
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(i) Measurements using K, , in (4.1):
|% Diff] <5% if 525, .
|% Diff]|, >30% if s<I,.

Psk. , became smaller if /, was fixed and s was decreased.

(ii) Measurements using K, ., in (4.2):
|% Diff], <5% if s>, .

|% Diff], >5% if s<I, <2s.

(iii) ~ Measurements using K,, ,, in (4.14):
|% Diff], <5% if s>I,.
|% Diff.ll <5% if s<I_<2s. In addition, a higher accuracy in the determination of
P, ,, can be achieved by computing for K, ,, in (4.14) with n selected in excess of

10. For example, when s =3 mm and /_ =5 mm, a higher accuracy can be achieved

by selecting n = 100.

Our findings also revealed that the percentage differences in (4.18), (4.19) and (4.20) were
less than 5% if h=4s. In summary, as the measurements on many tissue samples would

require small s in comparison to [, the derived geometric factor K,; . in (4.14) would be

E.ps
necessary in order to obtain an accurate measurement with a percentage difference of less
than 5%. Even though resistivity measurement using the in situ four-electrode method has
been experimentally verified to be independent of the source frequency in the low frequency
range from 10 Hz to 10 kHz, the measured resistivity was still affected by the depth of the

sample.

S
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48 Concluding Remarks

In this chapter, a geometric factor, which was derived in the prolate spheroidal coordinates,
for the in situ resistivity measurement of conductive media by means of four slender
cylindrical electrodes has been presented. The evaluation of the experimental results showed
that the resistivities of saline solutions that were obtained using the commercial conductivity
meter and the derived geometric factor were both in good agreement, and a percentage error

of less than 5% was achieved, even when I, was comparable with or larger than s. In

conclusion, a useful improvement to the four-electrode method for measuring tissue
resistivities using the different experimental configurations and set-ups has been developed
and validated through experiments. The techniques for the derivation of the geometric factor
for the in situ resistivity measurement using the four-electrode method by means of four
slender cylindrical electrodes modelled in the prolate spheroidal coordinates form the
groundwork for further research work which are presented in the subsequent chapters. The
work pertaining to in situ resistivity measurement using the four-electrode method with the
geometric factor modelled in the prolate spheroidal coordinates, which is reported in this

chapter, has been accepted for publication in JEEE Trans. Biomed. Eng. [119].
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CHAPTER 5 - THE DETERMINATION OF THE PARAMETERS
OF A TWO-LAYER MODEL BASED ON THE FOUR

ELECTRODE RESISTIVITY MEASUREMENTS

5.1 Overview

The use of the four-electrode resistivity measurement technique in power system grounding
applications is studied in this chapter. The measurement of the soil resistivity and the
knowledge of the soil structure are imperative in the design and analysis of a grounding
system. Although it is common for a soil to have several layers, with each layer having its
own resistivity, the representation of an equivalent two-layer soil model is sufficient for
designing a safe grounding system. Two-layer soil models are frequently used as an
approximation of many soil structures and are, in general, accepted as a representation of non-
homogeneous soil for grounding system design [19, 20]. The four-electrode [25], as shown in

Fig. 4.1, is one of the more commonly used tests [19] for measuring the soil resistivity.

In the case of a two-layer soil model, the objective of the resistivity measurements and
associated interpretative techniques is to establish the soil model with the parameters, p,, p,
and h which are the resistivity of the first and second layers and the depth of the first layer,

respectively. Some of the common techniques in the interpretation of the soil resistivity for

determining the parameters of a two-layer soil model are:

(i) optimization techniques based on least square-fitting criterion [15, 69, 71, 123, 124];
and

(ii) curve matching method [19, 74, 87, 125, 126].
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Optimization of the soil parameters, in the least squares sense, with computer techniques have
been recently used to determine the parameters of a two-layer soil model [15, 69, 71, 123,
124]. Curve matching against standard normalised theoretical curves is given in references
[74, 125], where the soil parameters are determined by comparing standard curves and the
curves obtained from the apparent resistivity values. The graphical method for determining
the soil parameters has also been described in the literature [19, 87, 126]. Recently, Calixto
[127] proposed to predict a two-layer soil model using a revised graphical method, which is a
simplification of the Sunde’s method [126]. The graphical method of using standard
normalised curves is comparatively straightforward and its usefulness has constantly been

recognised [125].

The aims of this chapter are to propose and experimentally validate a technique, which is an
improvement to the conventional Sunde’s graphical method for a more accurate determination
of the parameters of a two-layer soil model without the need to refer to standard curves or
tables. In the proposed method, the apparent resistivity at small inter-electrode spacing,
denoted by s, is determined using the theoretical geometric factor (4.14) proposed in Chapter
4 [119] in order to obtain a more accurate measurement of the first layer resistivity. The
results of this work, which are obtained using the proposed method, are more accurate than
those obtained using the Sunde’s method even in the presence of experimental errors and
local finite heterogeneities. The short-coming of the Sunde’s method is also presented and

discussed.

This chapter is organised as follows. The two-layer soil model is described in Section 5.2.
The proposed methodology for determining the parameters of a two-layer soil model is
discussed in Section 5.3. The experimental set-up and procedures are described in Section 5.4.
The experimental results are presented and discussed in Section 5.5. The concluding remarks

are given in Section 5.6.

s by
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5.2  Theory

A two-layer soil model is shown in Fig. 5.1 where the apparent resistivities of the soil are

obtained using the four-electrode method with four slender cylindrical electrodes.

Figure 5.1 - Four-electrode method for determination of the two-layer soil model.

The current [ enters at the source electrode A and leaves at the sink electrode D. Electrodes B
and C are the potential electrodes. When the inter-electrode spacing s is much larger than the

length of the immersed electrode [_, the slender cylindrical electrodes are approximated as

points and the apparent resistivity p, is expressed as follows [20, 71, 87]:

p“=1+4“ k k

P | 1+ [2n(n/s)F ) V4 + [2n(n/s)F

(5.1)

where p, denotes the resistivity of the first layer of the soil; h denotes the depth of the first
layer of the soil; s denotes the inter-electrode spacing; and k denotes the reflection coefficient
between the first and second layer of the soil. The reflection coefficient is obtained as follows
[87]:

k=(ﬂz/p1)_l

2
(Pz/p|)+] B3

where p, denote the resistivity of the second layer of the soil.

TR e
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As is already known, every theoretical standard curve for a two-layer soil model has a point
of inflection, although the exact point is not easily determined by visual inspection [87]. With

respect to the p, curve, the point of inflection will occur when the second derivative of the

p, curve changes sign. The point of inflection will occur when:

d? pJ
—|£=|=0. (5.3)
ds [Pl

Performing the second derivative on (5.1), and letting:

&)-5(z)
f(n/s)= 48};%*‘2&“::2 {4’4 [1 + nz(h/s)z]% - [1 + 4n2(h/s)2]%}. (5.4)

Equation (5.4) shows that for a particular two-layer soil model, there is a unique s for which

the point of inflection occurs — this s can be obtained from (5.4), which is independent of the

pﬂ'

5.3  Methodology

5.3.1 The Sunde’s method

The Sunde’s method is based on the implicit assumption that the plot of measured p, versus s

for a particular two-layer model matches the theoretical Sunde’s curve, which is obtained

using (5.1) and (5.2).

St B
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5.3.2 Determination of the resistivity of the first and second layers

Using the four-electrode method as shown in Fig. 5.1, the p, , is calculated using the

following expression [19, 20]:

Pa p=27SR (5.5)

where R =V/I . The subscripts a and pt denote apparent and point, respectively.

Equation (5.5) is not applicable when s <10/, [20]. As described in Chapter 4, when s<10/_,
the apparent resistivity, as denoted by p, ,, is more accurately determined based on the

formula presented in (4.14) [119]:

27l R

Po,pi = '
ps (l)i:ln M+l m, -1
nJ)jia -1 7?2,;"'1
where from (4.5) and (4.7)

n _J(’cz w522 )2+ 57 427 -4l 22
Li—

(5.6)

212

L3

(a'cz +452 +7] )+ J(If +4s5 + zf)z -4z} 1.(2i-1)
h:= 3 and 7, =——-".
' 21, 2n
The subscripts a and ps denote apparent and prolate spheroidal, respectively. p, and p, are
to be estimated from the plots of the p, curve versus s. The p, curve can be extended at both
ends to obtain the extreme resistivity values if the field data are insufficient. The p,

corresponding to the smaller and larger s is taken to be p, and p,, respectively [19].
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5.3.3 Determination of the depth of the first layer

Next, a point on the plot of the p, curve is selected for the determination of the depth £ of the
first layer of the soil. In theory, if the plot of p, curve matches the theoretical Sunde’s curve,
any point on the p, curve can be used to determine 4. In the proposed method, the choice of

the point to be used for the determination of 4 is based on the following considerations:

(i) since there is not much difference in the p, of the soil for different values of s near
the extreme ends of the p, curve, these points are avoided;

(ii) a good point for the determination of the 4 is the point on the p, curve where the
change in p, is very significant — this corresponds to the point of inflection of the
curve. The point of inflection is a point where the sign of the rate of change of the
gradient changes — this is obtained by solving (5.4). A strong advantage of using the
point of inflection is that the s at this point is independent of the p, for a particular

two-layer soil model.

Therefore, in this work, the proposed method for the determination of the h for a two-layer

soil model is based on solving for the point of inflection of the theoretical p, curve. In order

to solve for the point of inflection, (5.4) is equated to zero. The parameters h, s and k cannot
be zero values for a two-layer soil model with different resistivity values; therefore, in order

for (5.4) to be equal to zero, there exists a unique combination of hfs for every value of k
such that (5.4) is equal to zero. The k is determined as follows. Firstly, the s at the point of
inflection is found by determining the turning point of the gradient of the measured p, curve.
Next, the particular combination of h/s for a specific value of reflection coefficient &, is
solved by searching for the roots of (5.4). Now that the particular s and the factor h/s at

which the point of inflection occurs have been determined, the h can be obtained.
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5.34 Procedure of the proposed method

The steps for determining the parameters of a two-layer soil model are described below:

(i) user input the resistivity data obtained from the field tests;

(ii) a best-fit curve of measured p, of the soil versus s is obtained and plotted using the
field data;

(iii) p, and p, are estimated from the two ends of the plot of p, versus s;

(iv) k is determined using (5.2);

) s at the point of inflection is determined from the plot in step (ii);

(vi) hfs where the point of inflection occurs is determined from (5.4); and

(vii)  his obtained.

The above procedures for the determination of the parameters were implemented using the
computer simulation software MATLAB [128] and the curve fitting software CurveExpert
[129]. From the resistivity data inputted by the user in step (i), the curve fitting software
CurveExpert is used to fit the resistivity data. The CurveExpert program sifts through all the

possible curve fit and the best ranked fit is chosen as the best-fit curve

5.4  Experimental Set-Up

Two sets of experiments, 5X and 5Y, were conducted in order to replicate for soil conditions
with two different values of k; i.e., negative and positive values of k, which correspond to
situations where p, >p, and p, <p,, respectively. Using the measurement system, the

experiments were conducted to validate the proposed measurement technique using the four-
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electrode method, as shown in Fig. 5.2. The functions of the various components of the

measurement system have been discussed in Section 4.4.

} Oscilloscope = Me::)ﬁileent
v v
b R ! [

Square Wave Current
+
Generator Source

—

Saline h =
p 1 A B C D v
Cylindrical | Agar
container P2

E 1]

Figure 5.2 - The experimental set-up. The upper layer was a saline solution with resistivity
P, while the lower layer was agar with resistivity p,. (Note: The figure was not drawn to

scale).

The test model consisted of a first layer of saline solution and a second layer of agar in a
metallic tank, with the following dimensions: 600 mm (length) by 300 mm (breadth) by
360mm (depth). The maximum s used in the experiments was 100 mm. Since the current /
was only injected through the electrode A while the electrode D was grounded, as shown in
Fig. 5.2, only one of the two OTAs inside the LM13700N was used to convert the square
wave voltage into a constant alternating current. The magnitude of the current was determined
by controlling the ratio of the input voltage and a gain resistor. The frequency of the current

was set at 3 kHz.

5.4.1 Electrodes

The experiments were conducted using the four-electrode method, where four Ag wires were

used. The Ag wires were purchased from A-M Systems, Inc., Carlsborg, USA. The diameter
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of the Ag wire was measured using a digimatic calliper (Mitutoyo model CD-6" CsX), which

is shown in Fig.4.10, and found to be 0.38 mm. In the experiments, /. of 2 mm was used.

5.4.2 Preparation of the agar and the saline solution

The second layer of the agar was prepared by mixing agar powder, common salt and water.
Adjusting the concentration of the salt in the agar controlled the resistivity of the agar
mixture. The agar mixture was then cooked, allowed to be cooled and hardened in the
metallic tank. The first layer of the saline solution was prepared by mixing common salt and
water. The salt concentration of the saline solutions for experiments 5X and 5Y were prepared
so as to conduct the experiments for negative and positive values of k, respectively. The

resistivity of the agar p, was measured using the four-electrode method. The resistivity of the
saline solution p, was measured using a commercial conductivity meter (YSI model EC300),

which is shown in Fig. 4.8. The depth of the agar layer was fixed at 260 mm. The depth of the
first layer of the saline solution 7 was maintained at 20 mm throughout the experiments.
Using a thermometer (Fluke model FLU6S5), which is shown in Fig. 4.9, the temperature of
the saline solution was measured to be 21°C. All measurements were conducted when the

saline solutions were at 21 °C.

The experiments were conducted with and without local finite heterogeneities in the first
layer. The heterogeneities were introduced by placing pebbles, which were completely
submerged in the saline solutions, on the surface of the agar layer. In Experiment 5X, two sets
of tests were conducted, i.e., in the absence and presence of the local heterogeneities, which
were denoted as 5X7 and 5X2, respectively. Similarly, two sets of tests were conducted in
Experiment 5Y, i.e., in the absence and presence of the local heterogeneities, which were

denoted as 5Y/ and 5Y2, respectively.
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55 Results and Discussions

5.5.1 Measured parameters

The measured parameters for both the experiments 5X and 5Y were tabulated in Table 5.1. p,
of the saline solution was determined using the commercial conductivity meter. p, of the

agar was determined using (4.1), where s and /., were 20 mm and 2 mm, respectively.

Table 5.1 - Measured parameters for experiments 5X (p, > p,) and 5Y (p, < p,).

Experiment 5X  Experiment 5Y

p, (Q-m) 87.2 30.0
P, (Q-m) 58.1 61.6
h (mm) 20.0 20.0

5.5.2 Measured resistances

The measured resistance R was obtained as s was varied for all the experiments conducted,

and the results were tabulated in Table 5.11.

Table 5.11 - Measured resistances R for experiments 5X (p, > p,) and 5Y (p, < p,) as the

inter-electrode spacing is varied from 5 mm to 100 mm.

Measured resistances R (k)

s (mm) 5X1 5Xx2 5Y1 512
5 2.56 2.58 0.88 0.91
10 1.36 1.38 0.49 0.50
15 0.90 0.92 0.34 0.35
20 0.64 0.65 0.28 0.29
25 0.51 0.51 0.27 0.27
30 0.41 0.42 0.24 0.24
40 0.29 0.29 0.20 0.20
50 0.21 0.22 0.17 0.17
60 0.17 0.18 0.15 0.16
70 0.13 0.15 0.14 0.14
80 0.12 0.13 0.12 0.12
90 0.10 0.11 0.11 0.11
100 0.09 0.09 0.10 0.10
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From the measured R shown in Table 5.1I, the corresponding calculated p, were tabulated in
Table 5.111. The apparent resistivities p, , and p, , were calculated using (5.5) and (5.6),

respectively.

Table 5.111 - Calculated resistivities p, , and p, , were calculated using (5.5) and (5.6),

respectively, for experiments 5X (p, > p,) and 5Y (p, < p,).

5X1 5X2 5Y1 5¥2
s Pa, pt Pa, ps P, pi Pa. s Pa m Pa, ps Pa, pi Pa, ps
(mm) (@-m) (@m) @m) @m) @m) @m) @m) (Qm)
5 79.3 87.0 79.9 87.6 273 30.0 28.3 31.0

10 85.5 86.9 86.8 88.2 30.7 31.2 312 31.7
15 84.5 85.4 86.9 87.8 319 322 330 33.3
20 80.9 80.9 82.2 82.2 347 347 36.8 36.8
25 79.3 79.8 79.3 79.8 42.0 422 422 42.5
30 76.7 76.7 78.7 78.7 448 448 449 449
40 714 714 72.5 725 49.0 49.0 49.2 492
50 66.4 66.6 67.9 68.1 522 524 529 53.1
60 64.2 64.2 67.6 67.6 58.0 58.0 58.7 58.7
70 58.7 58.7 63.6 63.6 59.7 59.7 60.2 60.2
80 59.5 59.5 62.6 62.6 60.6 60.6 59.1 59.1
90 58.1 58.1 60.9 60.9 60.5 60.5 60.3 60.3
100 58.2 58.2 59.2 593 61.6 61.7 61.3 61.4

5.5.3 Estimation of the resistivities of the first and second layers

Using the curve-fitting program, the best-fit curve of p, versus s was obtained. p, and p, of
the two-layer model were estimated from the two extreme ends of the best-fit curve, i.e., p,
was estimated at s =0 mm and p, was estimated at s = 500 mm. It is to be noted that there
was no significant change in the value of p, from s = 500 mm onwards. The estimated
resistivities for both the experiments 5X and 5Y based on the p, calculated using (5.5) and
(5.6), were given in Tables 5.IV and 5.V, respectively. With [, =2 mm and 10/, =20 mm,

the readings for s <20 mm were not included when (5.5) was used.

-86 -



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

! NANYANG
TRCHNOALDGECAL
3 LUNIVERSITY

Table 5.1V - Estimated resistivities of the first and second layer based on apparent resistivities

calculated using (5.5) only.

5X1 5X2 5YI 5Y2
p, (Q@-m) 826 98.7 16.4 219
p, (@-m) 508 49.7 62.6 61.9

Table 5.V - Estimated resistivities of the first and second layer based on apparent resistivities
calculated using (5.6) only.
5X1 5X2 5Y1 5Y2

p, (@-m) 870 88.4 29.4 30.4
p, (@m) 520 53.5 63.9 63.3

The results in Tables 5.1V and 5.V showed that when the resistivities were estimated based on
p, calculated using (5.6) instead of (5.5), a better estimate of the resistivities was obtained.
Henceforth, the p, was calculated using (5.6). Only the plots of p, versus s for experiments
5X2 and 5Y2 were shown in Figs. 5.3(a) and 5.3(b), respectively. It is to be noted that the
plots of p, versus s for experiments 5X! and 5Y] were similar in shape to Figs. 5.3(a) and

5.3(b), respectively.

100 T | | T I
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Figure 5.3 - The plots of the measured apparent resistivity versus inter-electrode for
experiments (a) 5X2 and (b) 5Y2.

5.5.4 Estimation of the depth of the first layer using the Sunde’s method

The depth h of the first layer of the two-layer model pertaining to experiments 5X and 5Y
were estimated using the Sunde’s method as described in IEEE Std [19]. The ratio of p,/p,

for experiments 5X2 and 5Y2 were determined and the Sunde’s curves, which correspond to
the specific ratio of p,/p, , were generated using (5.1) and shown in Fig. 5.4. The number of

terms n in (5.1) that was used to generate the Sunde’s curve was 100.
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Figure 5.4 - Sunde’s curve for the case where p,/p, was (a) 0.61 and (b) 2.08.

According to the instructions given in IEEE Standard [19], any value of p,/p, on the y-axis

within the sloped region of the Sunde’s curve can be selected to estimate the h of the first

layer. The effect of the different selected values of p,/p, on the estimated h for experiments

5X and 5Y were shown in Table 5.VL. It is obvious from the results shown in Table 5.VI that

s method. In addition, the

the choice of p,/p, affected the estimate of the k in the Sunde

estimated h was not in good agreement with the measured /4 of 20 mm.
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Table 5.VI - Effect of p, /p, on estimated h for experiments 5X (p, > p,) and 5Y (p, < p,)
using the Sunde’s method. Measured h was 20 mm.

; Pa s h

Experiment p./e s/h (@-m) - fiiie)
5X1 0.65 3.81 56.6 103 27.1
0.75 2.09 65.3 54.2 259

0.85 1.35 74.0 33.6 249

0.95 0.75 82.7 19.9 26.4

5x2 0.65 4.11 575 131 31.8
0.75 2.15 66.3 60.1 28.0

0.85 1.38 75.2 348 25.3

0.95 0.76 84.0 19.3 254

5Y1 1.10 0.82 32.3 13.3 16.1
1:25 1.32 36.7 203 154

1.50 222 44.1 30.5 13.7

1.75 3.67 51.4 43.1 11.8

5Y2 1.10 0.84 334 13.6 16.1
1.25 1.37 38.0 209 152

1.50 2.37 45.6 31.7 13.4

1.75 4.14 53.2 46.4 11.2

5.5.5 Short-coming of the Sunde’s method

The results above showed that the various estimates of / using the Sunde’s method were not
in good agreement with the measured h. An investigation into the cause of these discrepancies
is in order. The plots of the measured and theoretical p, versus s for both the experiments
5X2 and 5Y2 were compared as shown in Fig. 5.5. The theoretical model was obtained using

(5.1) based on the measured h and the estimated p, and p,.
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Figure 5.5 - The plots of measured and theoretical apparent resistivity versus inter-electrode

spacing for experiments (a) 5X2 and (b) 5Y2.

Figure 5.5 showed that the plots of measured and theoretical p, versus s do not match. Since
the two plots do not match, it follows that the estimate of h cannot be accurate and different

selected values of p,/p, will lead to different estimated values of the h.
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5.5.6 Point of inflection

Even though the plots of measured and theoretical p, versus s do not match, it was noted that
the s at which the point of inflection of the two plots occurred to be in good agreement. The s
where the point of inflection occurs for the four cases under consideration was given in Table

5.VIL The s at the point of inflection of the plots of measured and theoretical p, versus s was

used in the proposed method for the estimation of the h.

Table 5.VII - Inter-electrode spacing where the point of inflection occurred

5X1 5X2 5Y1 5Y2
Theoretical Model 220 220 25.0 24.8
Measured Data 21.0 21.9 24.5 24.1

5.5.7 Estimation of the depth of the first layer using the proposed method

From the estimate of p, and p,, the reflection coefficient k was determined using (5.2) for
all the cases in the experiments 5X and 5Y, and the values were given in Table 5.VIII. Using
the value of k determined, the unique combination of the factor k/s where the point of

inflection occurs was determined by solving (5.4) and the results were tabulated in Table
5.VIIL. The number of terms n that was used to solve (5.4) was 100. Using the calculated

theoretical factor h/s and the s, which was obtained from the measured data where the point

of inflection occurs, the depth & was then estimated as shown in Table 5.VIII.

Table 5.VIII - Estimated h using the proposed method. Measured h was 20 mm.

5X1 5X2 5Y1 5Y2

k 0.25 -0.25 0.37 0.35
h/s 0.91 091 0.80 0.81

s (mm) 210 219 24.5 24.1

h (mm) 19.1 19.9 19.6 19.5
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The h, which was estimated using the proposed method, was found to be in good agreement

with the measured & of 20 mm. Therefore, based on the proposed method, a good estimate of
P> P, and h, which was more accurate than those obtained using the Sunde’s method even

in the presence of experimental errors and local finite heterogeneities was obtained.

5.6  Concluding Remarks

A technique for the determination of the parameters of a two-layer soil model has been
presented. Experiments were conducted on scale model tests in an electrolytic tank where the
resistivities of the saline solutions and the agar were chosen to approximate that of the soil.
The evaluation of the experimental results validated the proposed technique for the
determination of the parameters for a two-layer soil model. The proposed technique allows

the user to determine a more accurate two-layer model compared to the Sunde’s method.
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CHAPTER 6 - RESISTIVITY MEASUREMENT OF SMALL-
VOLUME SAMPLES USING TWO SLENDER CYLINDRICAL

ELECTRODES

6.1 Overview

In this chapter, the use of the two-electrode method for resistivity measurement in biomedical
applications is studied. Resistivity measurement of conductive media obtained using the four-
electrode method has been known to be affected by the small sample size or the effect of the
boundary, where such small-volume samples are often encountered in biomedical
applications. Steendijk et al. reported that when the thickness of the sample was more than
1.95 times the inter-electrode spacing, the difference between the measured apparent
resistivity and the actual resistivity of the medium was less than 10% [22]. In a study by Kun
and Peura, it was reported that the measured resistivity of the tissue decreased as the thickness
of the tissue was decreased while the inter-electrode spacing was maintained constant [4]. In
addition, it was reported in [119] and Chapter 4 that the resistivity measured using the four-

electrode method decreased when the sample thickness was reduced.

The resistivities of the biological tissue have been measured either in vivo [12, 22, 26, 29, 47,
130] or in vitre [4, 5, 27, 28, 36, 40, 41, 43, 45] using the four-electrode method [25], where
plunge or needle electrodes have often been used for the resistivity measurements [26, 28,
47]. The plunge or needle electrode is similar to a cylindrical rod electrode which has a
circumference that is small in proportion to its length. Alternatively, the two-electrode method
has the advantage of being a smaller electrochemical sensor [84], despite it being affected by

the effect of the electrode polarisation [131, 132]. As a result of the smaller sensor size of the
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two-electrode method and since the four-electrode method requires a large sample size for the
resistivity measurement, the miniaturization of the two-electrode method for the resistivity
measurement of small-volume sample in biomedical application is much more feasible.
However, the use of the two-electrode method depends largely on how the effect of the
electrode polarisation, which results in electrode-electrolyte interface impedances [133] in
series with the bulk resistance of the electrolyte, is controlled. The effect of the electrode
polarisation is due to the build-up of the charges on the surfaces off the electrodes and the
creation of the electrical double layers [86, 134, 135]. The polarisation impedance is known to
be a function of the excitation frequency, current density, geometry of the electrode-
electrolyte interface, electrode material, and electrolyte concentration [136]. Recently, the
polarisation impedance behaviour of several common polarizable metals in diluted sodium
chloride solution has been characterised as a reference to calculate the electrode polarisation
impedance [84]. In [84], it was reported that the materials silver, gold, platinum, aluminium

and stainless-steel were affected by the effect of the electrode polarisation.

The effect of the electrode polarisation is significant and its correction is a major complexity
encountered in the measurements of the conductive biological samples [86]. An excellent
review of the techniques used to correct the effect of the electrode polarisation is given in
[86]. Various approaches used to control the electrode polarisation effect have been described
[137, 138] and silver-silver chloride (Ag/AgCl) electrodes, which are relatively non-
polarizable electrodes [75, 133], can also be used to minimize this effect. Ag/AgCl electrodes
have small charge transfer resistance due to its large exchange current density. Hence, when
current is injected using the Ag/AgCl electrodes, current is transferred across the electrode-
electrolyte interface easily and small amount of voltage is dropped across the interface [133].
Some of the other techniques for the correction of the electrode polarisation effect include the
distance variation technique [139-141], which included the use of the variable-length

conductivity cell [142-145], and conducting measurements using the four-electrode method
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[146-148). The effect of the polarisation impedance can also be controlled by measuring over
a range of frequencies, plotting a graph of the resistance as a function of the inverse frequency

and extrapolating to obtain the bulk resistance at infinite frequency [138].

The contributions of this chapter are the theoretical derivation and the experimental validation
of new geometric factors, derived in the cylindrical and the prolate spheroidal coordinates, for
resistivity measurement using two slender cylindrical electrodes. The theoretical geometric
factors took the shape and dimensions of the electrodes and the spacing between them into
account in order to obtain the dependence of the resistance between the electrodes on the
resistivity of the medium. Experiments were conducted to validate the theoretical geometric
factors using saline solutions in an insulator container and an electronic circuit. As noted in
Chapter 2, experiments pertaining to biomedical analysis and applications were commonly
conducted using the saline solutions. Using relatively non-polarizable Ag/AgCl electrodes
and by conducting the experiments at an excitation frequency of 3 kHz, the problems
associated with electrode polarisation were minimised. The evaluation of the experimental
results that will be presented later in this chapter showed that the resistivities of the saline
solutions obtained using the derived geometric factors and those obtained using a commercial
conductivity meter were both in good agreement even when the inter-electrode spacing, the
length of the immersed electrode or the depth of the sample was varied. The two-electrode
method for the resistivity measurement described above was also shown to be independent of
the current density of the source of excitation. In addition, the measurements remained
relatively stable when tests are conducted over a duration of one (1) hour. The temperature
dependence of the measured resistivity of the saline solution using the two-electrode method
was also presented. This two-electrode method also produced consistent results even at small
sample depths thereby making it suitable for biomedical applications where small-volume

samples are often encountered.
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This chapter is organised as follows. Novel geometric factors for the resistivity measurement
using the two-electrode method are derived in the prolate spheroidal and the cylindrical
coordinates in Section 6.2. The numerical simulations results conducted using the derived
geometric factors are shown in Section 6.3. The experimental set-up and procedures are
described in sections 6.4 and 6.5, respectively. The experimental results are presented and

discussed in Section 6.6. The concluding remarks are given in Section 6.7.

6.2 Theoretical Derivation

6.2.1 Polarisation impedance

In the two-electrode method shown in Fig. 6.1, two slender cylindrical electrodes are
immersed in the conductive medium, both the conduction and the displacement currents flow

between the electrode and the medium. It is to be noted that throughout this chapter, d and /,

denotes the inter-electrode spacing and the length of the immersed electrode, respectively.

Air * ........ d ..... ’ r
Medium with Py
resistivity p Iz

Rapadoet ARt A A
A B

Figure 6.1 - Two-electrode method for in sifu resistivity measurement using slender

cylindrical electrodes.

A simplified equivalent circuit model, which can be used to represent the flow of such
currents, is shown in Fig. 6.2. In general, the polarisation impedance of the electrode-

electrolyte interface comprises a faradaic impedance Z, in parallel with a capacitance C,
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whereas the bulk electrolyte resistance is represented by R;. Z, can be represented by a

charge transfer resistance R, in series with the mass transfer impedance Z, , also known as

Warburg impedance [133].

2N
&
(V)
c, ““ ¢
L H
Z @ Z

Figure 6.2 - Simplified equivalent circuit model.

R, is resistance encountered by charge leakage which took place at the electrode-electrolyte

ol

interface, as a result of the electrochemical reaction taking place at the interface [133]. Z, is

an impedance to current flow through the electrode system at low frequencies [133]. When an
electrode is immersed in an electrolyte, a potential is induced as a result of the unequal
distribution of charges across the electrode-electrolyte interface [133]. There will be a layer of
charge at the surface of the electrode and another equal and opposite charge just inside the
electrolyte, which results in the ‘double layer’ of charge that exists at the electrode-electrolyte

interface. The ‘double layer’ of charge behaves much like a capacitor represented by C,

[108, 133, 149].

Some of the factors that affect the polarisation impedance include the electrode area, the
excitation frequency and the current density [14]. The magnitude of the series resistance
decreases and that of the capacitance increases with increasing electrode area. A high
electrode-electrolyte capacitance value is indicative of a low reactive component for the
polarisation impedance. The series-equivalent capacitance decreases with increasing
frequency. The capacitance of an electrode-electrolyte interface varies inversely with the

square root of the frequency. For a given frequency, the equivalent resistance decreases and
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the capacitance increases as current density is increased. The largest change occurs in the
low-frequency region. Therefore, the low-frequency magnitude of the series impedance of an
electrode-electrolyte interface decreases markedly by an increase in current density. It is
worthwhile to note that the model for the representation of the electrode-electrolyte interface

is still being studied by researchers and other models for the interface can be found in [14].

In the case of an ideal polarizable electrode, no charge transfer can occur between the
electrode-electrolyte interface [108]. Examples of nearly ideal polarised electrodes are gold
and platinum [150]. Stainless steel and aluminium electrode materials are also polarizable [84,
136]. In order to minimize chemical reactions associated with the conduction currents, nearly
polarised electrodes are often utilised for conductivity measurements with alternating current
excitations to generate a displacement current across the electrode-electrolyte interface.
However, the effect of the polarisation impedance, along with others, continues to affect the

results of conductivity measurements [150].

On the other hand, an ideal non-polarizable electrode has an electrode potential that does not
change upon the passage of current within a certain range. When two ideal non-polarizable
electrodes are used in the two-electrode method, the characteristics of the direct current versus
potential across the electrodes would look like that of a pure resistance because the only
limitation on the current flow is imposed by the resistance of the medium between the
electrodes [108], which depends on the geometric factor and the resistivity of the medium.
Relatively non-polarizable electrodes such as Ag/AgCl electrodes [75, 133] have been widely
used for biomedical purposes, in particular microfluidics applications [151-156]. When using
a pair of chlorided electrodes to pass currents through an electrolyte solution, as the current
flows, the chloride ions will gather at the positive electrode (the anode), but the chloride ions
will be depleted from the negative electrode (the cathode) [157]. At high frequencies, the

polarisation impedance is very small and the charge-transfer resistance is effectively shorted
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out, ie., the measured value of R, R=(V/I) represents the resistance of the electrolyte

solution between the two electrodes, i.e., R, .

6.2.2 Relationship between the measured resistance, the electrical resistivity and the

geometric factor in the cylindrical coordinates

The theoretical geometric factor for resistivity measurement using the two-electrode method
with slender cylindrical electrodes modelled using the cylindrical coordinates is shown
hereafter. Consider the two-electrode method by means of two slender cylindrical electrodes,
as shown in Fig. 6.3. The current source and sink electrodes, A and B, respectively, are

modelled using the cylindrical coordinates.

Figure 6.3 - Application of the image method for currents to the current source and sink

electrodes A and B, respectively, with the electrodes modelled in the cylindrical coordinates.

6.2.2.1 Potential of a point

Consider a slender cylindrical source electrode with current [ in a conductive, homogeneous,
isotropic and semi-infinite medium. The potential of a point P in the conductive medium that
is induced by a point current source, derived in the cylindrical coordinates, is derived in (3.26)

and shown below:

‘-"'(1",.z)=—"£l ! L

+ .
4n ‘ﬁz...(z_zs}z Jrz +(z+2,)’

(6.1)
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6.2.2.2 Potential of a point due to a current emanating from a slender cylindrical

electrode

Next, consider one slender cylindrical electrode with known dimensions as a current source.
The source electrode is made up of infinitesimal current sources. It is assumed that the current
density along the current carrying electrodes is uniform and symmetrical with respect to the
axis of the electrode. Making use of the potential of a point shown in (6.1), the principle of

superposition and neglecting electrode effects, the potential at P(r,z) is the sum of the

potentials resulting from all the sources and their respective images; this potential is

expressed as follow:

V""OI ! 1 dz

- -
4rl, th1+(z—z,)2 r2+J[z+z,)2 ’
_ ol et eferif

] -t - f

(6.2)

6.2.2.3 Self-potential

With reference to Fig. 6.3, making use of (6.2) and let r=r., where r. is the radius of the
slender cylindrical electrode, the potential of a point on the electrode A due to a current source

and its images at the electrode A, denoted by V| ,, is:

v oo Pl |l ) e L) 4+
AT =
toanl | (g -+ - L F 4

(6.3)
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The self-potential of the electrode A due to current source and its images at the electrode A,

denoted by V, ,, is then obtained by integrating (6.3) and averaging the infinitesimal

potentials over [_, and expressed as:

4rl ¥

c

’ 2
VA.A:}]_ﬂr“-ﬂdZ‘= . 2In[2+ 4+(r{ﬂr) ]_”4‘1*('(/1:)2 +;‘_{ ¢ (6.4)

Similarly, the self-potential of the electrode B from the current sink and its images at the

electrode B, denoted by V, ,, is expressed as:

4rl,

s e

f 2
VB’_,,:_p! Zln[2+ 4+(r /L) }~1j4+(;/ic)z +:—‘ . (6.5)
r.

6.2.2.4 Mutual potential

By referring to Fig. 6.3, making use of (6.5) and letting r =4 , the potential of a point on the

electrode B due to a current source and its images at the electrode A, denoted by V, ,, is:

(6.6)

ol m[(zﬁm (z2+a)*+d2].

Al (g -1 )+ (L) +

The mutual potential of the electrode B from current source and its images at the electrode A,

denoted by V;,. is then obtained by integrating (6.6) and averaging the infinitesimal

potentials over /_, and expressed as:

\ 24 fa+@Ly | ——=
Vaa =Il£vz‘adzz= 2 2’“[ d( /r) ]‘" 4+(d/!r)2 +f£ . (6.7)

c
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Similarly, the mutual potential of the electrode A from the current sink and its images at the

electrode B, denoted by V, ,, is expressed as:

vj_sz‘pl 21n[2+“4;(dﬁ‘)2]—1/4+(d/lt)2 +;i . (6.8)

4rl,

6.2.2.5 Potential difference between electrodes A and B

Adding (6.4) and (6.8), the overall potential of the electrode A due to the current source and

sink, and their respective images, at electrodes A and B, respectively, denoted by V, , is:

VA=:%;: 2In [zﬁs MI%J +yJa+(d/LY =4+ (/L] +(’f;dJ . (69)

[4

In the same way, adding (6.5) and (6.7), the overall potential of the electrode B due to the
current source and sink, and their respective images, at electrodes A and B, respectively,

denoted by V,, is:

v,==PLism [————2+“4+(r‘ﬂ‘)215J 4+ (/1LY -4+ /L) +(rf_dJ - (610

4, 2+ 4+ N\ !

L3

The potential difference between the two electrodes A and B, denoted by V, is then obtained

from the difference between (6.9) and (6.10):

V=L {sin [——ii”r__i:((;;:)]j I-;{) +ya+ /1) —4+ (/L] +(r‘;d} . (61D)

{3
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6.2.2.6 The theoretical geometric factor

Rearranging (6.11), the resistivity of the medium, Pk, which is determined using the two-
electrode method, when the slender cylindrical electrodes are modelled in the cylindrical
coordinates is given by:

Pog.eyt = (Kuicﬁ )R (6.12)

where R =V/I . The subscripts 2E and cy! denote two-electrode and cylindrical, respectively.

The geometric factor K,; ., is expressed as:

2 . (6.13)

Kby =
2+\/4+(r;/f:)2 d = (n—-d
2In [r———' W ‘r—rJ +'J4+(d/ff)2 _‘J4+(rr/1;) +[ ! ]

(4

6.2.3 Relationship between the measured resistance, the electrical resistivity and the

geometric factor in the prolate spheroidal coordinates

The theoretical geometric factor for resistivity measurement using the two-electrode method
with slender cylindrical electrodes modelled using the prolate spheroidal coordinates is shown
hereafter. Consider the two-electrode method using slender cylindrical electrodes, as shown in
Fig. 6.4. Electrodes A and B, which are the source and sink of the stimulus current,
respectively, are modelled in the prolate spheroidal coordinates. A brief description of the
prolate spheroidal coordinates system is in order. The relationship between the prolate
spheroidal coordinates (7,8,0) and the cylindrical coordinates (r,@,z) [99] is shown in Fig.
3.1. n, denotes the surface of the prolate spheroid and a is the semifocal distance of the

prolate spheroid.
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Figure 6.4 - Application of the image method for currents to the current source and sink
electrodes A and B, respectively, with the electrodes modelled in the prolate spheroidal

coordinates.

)

!

6.2.3.1 Potential of a point

Consider a half-prolate spheroid source electrode with current I in a conductive,
homogeneous, isotropic and semi-infinite medium. The potential of a point P in the
conductive medium that is induced by a point current source, derived in the prolate spheroidal

coordinates, has already been derived in (4.3).

6.2.3.2 Self-potential

Making use of (4.3), the self-potential of the electrode A, denoted as V, ,, which is induced

by the current source and its images at the electrode A, is determined and expressed as:

m, +1
oy =Zf? [;_I] (6.14)
© 0

7, is obtained by equating the volume of the electrode in the cylindrical and prolate

coordinate systems, and expressed as:

Mo =y1+1.5(r /1) . (6.15)
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Similarly, the self-potential of the electrode B, denoted as V, ,, which is induced by the

current sink and its images at the electrode B, is expressed as:

-pl, (7 +]
= : 6.16
7 [{1}0 —1] R
6.2.3.3 Mutual potential

Each electrode is divided into n segments with each segment i located at a depth z,. The

potential of the i segment of the electrode B that is induced by the current source and its
image at the electrode A is obtained using (4.3). This mutual potential, which is denoted as

V.4 is then determined by averaging the total potential of every segment along the length of

the electrode B and expressed as:

pl IJ - m,; +1
V,, =——|— In| —— 6.17
24 = gl (n Z [m‘__l (6.17)

(12 +a? +z:,.’)+\/(lt2 rd? 422 ) -4z
2} 2

(s

with 77, =

where z, =1 (2i—1)/2n.

Similarly, the potential of the electrode A induced by current sink and its image at the

electrode B, denoted as V, ,, is expressed as:

-pl 1}” M, +1
V, ., =——| — Inj ——|. 6.18
43:1,(:1 ,Z:.:“(nu—! (6.18)
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6.2.3.4 Overall potential

Adding (6.14) and (6.18), the overall potential of the electrode A, denoted as V,, that is

induced by the current source and sink, and their particular images at electrodes A and B,

respectively, can be expressed as:
5 ;=1
v, =_ﬂ_ In ”U_-H lsz it . (6.19)
4zl -1 An)=T \n,+1

Correspondingly, the overall potential of the electrode B, denoted as V,, can be expressed as:

= n _1
v, =Pl 1 T *1 l}Zm L | (6.20)
arl, =1 \n)T \m, +1

6.2.3.5 Potential difference between electrodes A and B

The potential difference between the two electrodes A and B, which is denoted as V, is

obtained by taking the difference between (6.19) and (6.20), and expressed as:

A =1
V:p_l In L/ a l)Zln =2 4 (6.21)
27, =1 An)5 \n,+1

6.2.3.6 The theoretical geometric factor

Rearranging (6.21), the resistivity of the medium, p,, .., which is determined using the two-

electrode method, when the slender cylindrical electrodes are modelled in the prolate

spheroidal coordinates is given:

Pakp = (K., - JR (6.22)
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where R=V/I. The subscripts 2E and ps denote two-electrode and prolate spheroidal,
respectively. The geometric factor K, , is expressed as:

2nl,

(B

(6.23)

K‘JE.p: =

212

I

2
with 77, = "1+1-5(rt/fr )2 ., =J[f,? +d? +zi2)+ch2 +d? +zl_1) _W‘”czziz ‘

z; =1,(2i—1)/2n and n is the number of segments.

6.3 Numerical Simulations of the Derived Geometric Factors

Using numerical simulations, the effects of d, I and non K, , in (6.23) were investigated,
and the results were tabulated in Table 6.1. The effects of d and /. on K,, _, in (6.13) were

also simulated and tabulated in Table 6.1.

Table 6.1 - Numerical values of the geometric factors for different inter-electrode spacing,

immersed electrode length and number of segments.

I d 2’ o ZE ps KZIE. ps KZE. P K!E‘ ps

(mm) (mm)  fego0) &10°) &10?) (107) fao®)
n=1 n=>5 n=10 n=100
12.1 12.2 11.8 11.8 11.7
8.29 8.15 8.03 8.01 8.00
7.10 6.94 6.88 6.87 6.87
6.50 6.34 6.30 6.30 6.30
6.13 5.97 5.95 5.95 5.95
5.38 5.24 5.24 5.24 5.24
5.00 4.88 4.88 4.88 4.88
4.88 4.76 4.76 4.76 4.76
4.81 4.70 4.70 4.70 4.70

5

BEEBSwswN -

- 108 -



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

| NANYANG
| THCHNOLOGIEAL
N UNIVERSITY

10 23.6 24.1 232 23.0 229
159 159 15.5 154 154
13.5 13.3 13.1 13.1 13.0
12.2 12.0 119 11.8 11.8
11.4 11.2 11.1 11.1 11.1
9.69 9.46 943 9.43 943
8.72 8.52 8.51 8.51 8.51
8.39 8.19 8.19 8.19 8.19
8.22 8.03 8.03 8.03 8.03

EE8Bsweswn~

The plots of K,, ,,and K,, ,, fortwo different /. (/. of 5 mm and 10 mm) as d was varied

were shown in Fig. 6.5. In the numerical simulations of K, ,, in (6.23), n was set at 10.

("]
L=

s %34 L U 2 . L T
“©K,, , forl =5mm
—N-Kmﬂffl”" 10 mm
-A-Kzﬂdfoﬁr-Srrm
SN -‘V—qu‘fcrl’r-l()n'rn

Numerical values of the geometric factors x107)

I 2 3 4 s 10 20 30 40
Inter-electrode spacing, d (mm)

Figure 6.5 - Numerical values of the geometric factors as the inter-electrode spacing d was
varied from 1 mm to 40 mm, with the number of segments n used to compute the derived

geometric factor K - in (6.23) set at 10.

In Chapter 4, it was shown that K,, , and K, , were different at small inter-electrode
spacing s (Imm<s<10 mm). Although the finite dimensions of the electrode were

considered in the derivation of both K, , and K, ,, there was a significant difference in
K., and K, , when s was small in comparison to /,, e.g., s<5mm and /. =10mm.
However, from the computation shown for K, ., and K, ,, there was no significant

difference in K,, , and K,, , asd was varied from 1 mm to 40 mm. The simulation results
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showed that the numerical values of K, _, and K, , were close to each other as d was
varied. Consequently, the evaluation of the simulation results showed that either K,, , or

K¢, can be utilised to determine the resistivity from the measured resistance values.

6.4  Experimental Set-Up

Using the measurement system, the experiments were conducted to validate the proposed
geometric factors using the two-electrode method, as shown in Fig. 6.6. The functions of the

various components of the measurement system have been discussed in Section 4.4.

Oscilloscope
Ve, Voltage
1=V, [R, J&—H Measurement
M

: R, -

Curl‘enl I | { 2—
Square :[1_ B f

Wave Saline solution i h

Generator with resistivity oy

Figure 6.6 - The measurement system for experiments using the two-electrode method with
slender cylindrical electrodes. The current was injected into the electrode A while the

electrode B was grounded.

The test model consisted of a saline solution in a cylindrical container made of non-
conducting material, with a diameter of 400 mm. The maximum d used in the experiments
was 30 mm. Since the current  was only injected through electrode A while electrode B was
grounded, as shown in Fig. 6.6, only one of the two OTAs inside the LM13700N was used to

convert the square wave voltage into a constant alternating current. The magnitude of the

- 110 -



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

B NANYANG
P TYCHMNOLOGICAL
b UNIVERSITY

current was determined by controlling the ratio of the input voltage and a gain resistor. R was
taken as the ratio of V to I, and the calculated resistivities obtained using the derived
geometric factor were compared with the resistivities measured using the commercial

conductivity meter.

6.4.1 Saline solutions

The saline solution was prepared by mixing common salt and water. Two saline solutions, 6X
and 6Y, were prepared. The salt concentration of saline solutions 6X and 6Y were 2.5 g/litre
and 0.067 gflitre, respectively; these concentrations were chosen to approximate that of
biological tissues. The saline resistivities were measured using a commercial conductivity
meter (YSI model EC300), which is shown in Fig. 4.8, so as to act as a reference for
comparison. The resistivity that was obtained using the commercial conductivity meter was

denoted by p_, . The operations of the commercial conductivity meter were described in

Section 4.5.1.

Using a thermometer (Fluke model FLU65), which was shown in Fig. 4.9, the temperature of
the saline solution was measured to be 21°C. All measurements were conducted when the

saline solutions were at 21 °C .

6.4.2 Electrodes

The experiments were conducted using the two-electrode method with two slender cylindrical
Ag/AgCl electrodes. The Ag/AgCl electrodes used were purchased from A-M Systems, Inc.,
Carlsborg, USA. The Ag/AgCl electrodes were manufactured from Ag wires (with a diameter

of 0.38 mm) using a sintering process. The diameters of the Ag/AgCl electrodes were
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measured using a digimatic calliper (Mitutoyo model CD-6" CsX), which is shown in

Fig.4.10, and the average diameter was found to be 0.51 mm.

6.5  Experimental Procedures

It is to be noted that for the experiments described hereafter in this section, unless otherwise
stated, d, I, and h were maintained at 5 mm, 2 mm and 60 mm, respectively, where h denotes

the depth of the saline solution. The experiments were conducted for both saline solutions 6X

and 6Y.

6.5.1 Effect of the frequency on the measured resistance

The effect of varying the frequency of the current source f on the measured R was studied to
determine a suitable frequency to conduct the experiments. f was varied from 10 Hz to 10

kHz.

6.5.2 Effect of the current density on the geometric factors

The effect of varying the current density J on the measured K,; and the theoretical K,
and K, , was studied in order to determine a suitable current to conduct the experiments. J

was varied from about 17 A/m* to 300 A/m’. The theoretical K, , and K were

2E, ps
determined using (6.13) and (6.23), respectively. From the experimental results, the measured

K, was determined using the following expression:

K,s=p../R. (6.24)
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6.5.3 Effect of the time on the measured resistance and the calculated resistivity

The effect of the measurement time on the measured R and the calculated p,; ., and p,,

was studied to determine the stability of the measurement. The measurement was conducted

for a period of 1 hour where R was measured every 5 minutes.

6.5.4 Effects of 4, I, and h on the calculated resistivity

The effects of varying d, I, and h on the calculated p,, , and p,. , were studied. With h

of 60 mm, the electrodes were first fixed at a particular d and then lowered into the saline

solution by rotating the micrometer. The electrodes were immersed to the required /_, and
measurements were taken for the particular 4 and [_. The above procedure was repeated as d

was varied from 5 mm to 30 mm, and /_ was varied from 2 mm to 5 mm.

Next, with 4 and [, both fixed at 5 mm, the measurements were taken as h was decreased in

steps of 1 mm from 10 mm downwards.

6.5.5 Effect of the temperature on the calculated resistivity

The effect of the temperature of the saline solution on the calculated p,, ., and p,; ,, was

studied since the resistivity, which changes with temperature, was dependent on the
temperature at which the measurement was conducted. The temperature tested varied from

217616/ 55°C.
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6.6  Experimental Results and Discussions

Using the commercial conductivity meter, the p_, obtained for saline solutions 6X and 6Y
were tabulated are 2.066 Q- m and 40.58 Q-m, respectively. Table 6.1 showed that for the

range of d (5 mm and above) and /, (2 mm and 5 mm) used in the experiments, K,;

remains relatively constant when the number of segments n used was 10 and above. Hence for

the calculation of K, ., the n used was 10.

6.6.1 Shape of typical waveforms of Vand V,

Both the Vand V, were observed using the oscilloscope, and the shape of the typical voltage
waveforms of V and V, were similar to those that were shown in Fig. 4.11. From each set of
measured V and V, , the corresponding resistance R was determined. The saline resistivities

Pak. o and p,p , were obtained using the geometric factors K in (6.13) and K,; ,, in

2E, oyl

(6.23), respectively.

6.6.2 Effect of the frequency on the measured resistance

As the frequency f of the current source was varied, the measured resistance R of saline

solutions 6X and 6Y were tabulated in Table 6.11.
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Table 6.I1 - Measured resistances of saline solutions 6X and 6Y as the frequency of the current

source was varied.

Saline solution Saline solution

f 6X 6Y

(Hz) R R
Q) (kQ)
10 773 154
20 774 154
30 770 15.3
50 769 153
100 767 15.3
200 760 15.2
300 729 14.4
1000 715 14.3
2000 715 14.3
3000 715 14.3
5000 715 14.3
10000 715 14.3

The plots of the measured R for saline solutions 6X and 6Y were shown in Figs. 6.7 and 6.8,
respectively. The experimental results shown in Figs. 6.7 and 6.8 inferred that as f tends
towards infinity, the effect of the polarisation impedance tends to zero. Since R remained
fairly constant from 1 kHz upwards, subsequent experiments were conducted at f of 3 kHz,
whereby the effect of polarisation impedance was neglected and the measured R was equated
to the bulk electrolyte resistance between the two electrodes. At this juncture, it was also
worthwhile to note that the tissue impedance is considered mostly resistive in the low

frequency range [4, 122].
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Figure 6.7 - Plot of measured resistance R versus frequency f for saline solution 6X.
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Frequency,
Figure 6.8 - Plot of measured resistance R versus frequency f for saline solution 6Y.

6.6.3 Effect of the current density on the geometric factors

As the current density J was varied, a comparison between the measured K, , obtained using

25.r and K, ., which were obtained using (6.13) and (6.23),

(6.24), and the theoretical K

correspondingly, was tabulated in Tables 6.III and 6.IV for saline solutions 6X and 6Y,

were obtained using:

5

respectively. The percentage differences |% Diff], and |% Diff]
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: Measured K, — Theoretical K, .,
|% Diff], = _ -2 1%100% . (6.25)
$ Theoretical K, .,
) Measured K ,; — Theoretical K, ,,
|% Diff), = . 2 1x100% . (6.26)
5 Theoretical K, ,,

Table 6.I11 - The theoretical and measured geometric factors as the current density J was
varied for the saline solution 6X.

g Measured Theoretical Theoretical
Pen K K %Dit], K |% Dift]
Al Q. J.E 2E,ol I 2E. ps 5
(a/m?) (@ m) k107)  fi0”) 10°)
17.8 2.066 2.96 295 0.339 2.89 242
356 2.066 2.96 295 0.339 2.89 242
163 2.066 2.95 2.95 0.000 2.89 2.08
293 2.066 2.93 2.95 0.678 2.89 1.38

Table 6.IV - The theoretical and measured geometric factors as the current density J was

varied for the saline solution 6Y.

7 Measured Theoretical Theoretical
Pem K K % Diff. K % Diff

A/m? . E .o | ‘I4 5Pt ] 45
Wel) @m) o) o) ft0”)

17.8 2.066 2.90 2.95 1.69 2.89 0.346

35.6 2.066 2.89 2.95 2.03 2.89 0.000

163 2.066 291 2.95 1.36 2.89 0.692

293 2.066 2.89 2.95 2.03 2.89 0.000

The results in Tables 6.III and 6.IV showed that the measured K,, remained fairly constant
and in close agreement with the theoretical K,, , and K, ,. The evaluation of the

experimental result showed that the measured K,, was independent of the range of J tested.

6.6.4 Effect of the time on the measured resistance and the calculated resistivity

As the measurement was conducted, R was measured and the corresponding calculated

Py and p,. . were tabulated in Tables 6.V and 6.VI for saline solutions 6X and 6Y,

respectively. The percentage differences |% Diff|, and |% Diff) were obtained using:
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1% Diff), :(_p”—"”__p‘l)moo% : (6.27)
% Diff] Z[M]x 100% . (6.28)

Table 6.V - The measured resistance and calculated resistivity over a measurement period of

1 hour for the saline solution 6X.

Time R PaE. eyt ; P2k, ps ;
(s) @) @.m) |% Diff], @-m) |% Diff],
0 693 2.05 0.77 2.00 3.19

300 713 211 213 2.06 0.29
600 700 2.07 0.19 2.02 2.23
900 686 2,03 1.74 1.98 4.16

1200 705 2.11 2.13 2.07 0.19

1500 701 2.07 0.19 2.03 1.74

1800 702 2.08 0.68 2.03 1.74

2100 692 2.04 1.26 2.00 3.19

2400 696 2.05 0.77 2.01 271

2700 709 2.09 1.16 2.05 0.77

3000 712 2.10 1.65 2.06 0.29

3300 724 2.14 3.58 2.09 1.16

3600 701 2.07 0.19 2.03 1.74

Table 6.VI - The measured resistance and calculated resistivity over a measurement period of

1 hour for the saline solution 6Y.

Til'l'le R pZE‘ eyl . p‘zf.p\: .
5) (k) @.m) |% Diff], @-m) |% Diff],
0 14.17 41.9 3.25 41.0 1.03

300 14.20 42.0 3.50 41.0 1.03
600 14.16 41.8 3.01 40.9 0.79
900 14.19 419 325 41.0 1.03

1200 14.19 419 3.25 41.0 1.03

1500 14.20 42.0 3.50 41.0 1.03

1800 14.18 419 3.25 41.0 1.03

2100 14.19 419 3.25 41.0 1.03

2400 14.24 42.1 3.75 41.3 1.77

2700 14.15 418 3.01 40.9 0.79

3000 14.20 420 3.50 41.0 1.03

3300 14.19 41.9 325 41.0 1.03

3600 14.20 42.0 3.50 41.0 1.03
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Tables 6.V and 6.VI show that as the measurement was conducted over a period of 1 hour, the

measured R remained fairly constant and the measured p_, were in close agreement with

both the calculated p,, ., and p,, ,, . The evaluation of the experimental result showed that
the measured R and subsequent calculated values of p,, ., and p,, , were independent of

the duration tested, i.e., the measured R and the calculated p,, , and p,,  were stable.

6.6.5 Effects of 4, I, and h on the calculated resistivity

The experimental results that were obtained as d and /_were varied for saline solutions 6X
and 6Y were tabulated in Tables 6.VII and 6.VIII, respectively. From the measured R, both
Pk and P, . were calculated and the percentage difference |% Diff], and |% Diff], were

obtained using (6.27) and (6.28), respectively.

Table 6.VII - The measured resistance and calculated resistivity as the inter-electrode spacing

and the length of immersed electrode were varied for the saline solution 6X.

d I R PaE, eyt Di P2k, ps ;
(mm) (mm) (Q) (.Qm) |% lﬁlb (Q m} I% le‘f.l,_l
5 2 719 242 2.61 2.08 0.68

3 514 2.06 0.29 201 2471
4 420 2.13 3.10 2.07 0.19
5 349 2.14 3.58 2.08 0.68
10 2 759 2.06 0.29 2.02 223
3 571 2.07 0.19 2.02 2.23
4 465 2.10 1.65 2.04 1.26
5 397 2.13 3.10 2.08 0.68
20 2 799 2.08 0.68 2.04 1.26
3 626 215 4.07 2.10 1.65
4 500 2.11 213 2.06 0.29
5 425 2.12 2.61 2.07 0.19
30 2 795 2.04 1.26 201 2.71
3 634 2.14 3.58 2.09 1.16
4 497 2.06 0.29 2.01 271
5 437 2.13 3.10 2.08 0.68
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Table 6.VIII - The measured resistance and calculated resistivity as the inter-electrode

spacing and the length of immersed electrode were varied for the saline solution 6Y.

d f‘_ R pZE,ryf pzf.ps

(mm) Fasi) (kQ) ) |% Diff], i) |% Diff]
5 2 14.2 42.1 375 412 1.53
3 10.2 410 1.03 39.9 1.68
4 8.11 412 1.53 40.0 1.43
5 6.85 42.0 3.50 40.8 0.54
10 2 15.2 414 2.02 40.6 0.05
3 11.7 422 3.99 412 1.53
4 9.37 422 3.99 41.1 1.28
5 .32 415 227 40.4 0.44
20 2 16.1 42.2 3.99 414 2.02
3 12.2 420 3.50 41.1 1.28
4 9.67 409 0.79 39.9 1.68
5 8.45 422 3.99 412 1.53
30 2 16.0 41.1 1.28 403 0.69
3 12.3 416 251 40.7 0.30
4 10.1 417 2.76 40.7 0.30
5 8.49 413 1.7 404 0.44

Tables 6.VII and 6.VIII show that as d and I, were varied, the measured R remained fairly

constant and the measured p,, were in close agreement with both the calculated p,, , and

Pak. - The evaluation of the experimental result showed that the theoretical K, and

E. eyl

K,g ,, were able to obtain an accurate resistivity value for different combinations of 4 and

s

c

Next, the experimental results obtained as h was decreased in steps of 1 mm from 10 mm,

with d and /, maintained at 5 mm and 2 mm, respectively, were tabulated in Tables 6.IX and

6.X for saline solutions 6X and 6Y, respectively.

Table 6.IX - The measured resistance and calculated resistivity as the depth of the saline

solution 6X was varied.

h R ng_,—,q - plE.pa -
’ %o Diff. % Diff.
m) @ (@m PP ) %D
10 703 2.08 0.68 2.03 1.74
9 714 2.11 313 2.06 0.29
8 708 2.09 1.16 2.05 0.77
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7 708 2.09 1.16 2.05 0.77
6 714 2.11 2.13 2.06 0.29
5 705 2.08 0.68 2.04 1.26
4 752 222 745 217 5.03
3 774 2.29 10.8 2.24 8.42

Table 6.X - The measured resistance and calculated resistivity as the depth of the saline

solution 6Y was varied.

h R P2E, oyt . Pk, ps .
(m) (@) (@m) PO g P
10 142 42.0 3.50 41.1 1.28
9 142 42.1 3.75 41.1 1.28
8 142 419 3.25 41.0 1.03
7 142 42.0 3.50 41.1 1.28
6 14.2 419 3.25 41.0 1.03
5 14.2 41.8 3.01 40.9 0.79
4 14.8 43.7 7.69 42.7 5.22
3 15.2 44 .8 104 439 8.18

Tables 6.IX and 6.X showed that as h was decreased in steps of 1 mm from 10 mm to 5 mm,

the measured R remained fairly constant the measured p_ were in close agreement with both

the calculated p,, ., and p,, ,, . In addition, with d of 5 mm and /, of 2 mm:
. both |% Diff], and |% Diff|, <5% if h>5mm;

. both |% Diff], and |% Diff|, >5% if h<5mm.

The evaluation of the result showed that when /. was 2 mm and d was 5 mm, a consistent

resistivity of the medium was obtained even at a shallow depth & of 5 mm.

6.6.6 Effect of the temperature on the calculated resistivity

As the temperature of the saline solution was varied, the temperature dependence of the

Pak.cy and p,p . for saline solutions 6X and 6Y, was tabulated in Tables 6.XI and 6.XII,

respectively.
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Table 6.X1 - The measured resistance and calculated resistivity as the temperature of the

saline solution 6X was varied.

Temp. R P2E, eyt Pk, ps

(c) @) @m) (Qm)
21 704 2.08 2.04
23 612 1.81 1.77
25 558 1.65 1.61
27 540 1.60 1.56
29 533 1.57 1.54
31 493 1.46 1.43
33 485 1.43 1.40
35 468 1.38 1.35
40 402 1.19 1.16
45 383 1.13 1.1
50 370 1.09 1.07
55 342 1.01 0.99

Table 6.X1I - The measured resistance and calculated resistivity as the temperature of the

saline solution 6Y was varied.

Temp. R Pt o Pk, pe
(cC) kQ)  (@m) (@m)
21 14.2 42.0 41.1
23 12.8 37.8 36.9
25 10.7 31.7 31.0
27 10.6 31.2 30.5
29 10.5 30.9 30.2
31 9.74 28.8 28.2
33 9.43 279 27.3
35 9.02 26.7 26.1
40 8.09 239 23.5
45 7.59 22.4 219
50 T.22 213 209
55 6.71 19.8 19.4

From the resistivity calculated as the temperature of the saline solution was varied, a bestfit
curve was obtained from the experimental data. An example was provided where the best-fit
curve for p,, , was shown in Figs. 6.9 and 6.10, for saline solutions 6X and 6Y,
respectively. Similar best-fit curve can be obtained using p,, ., for saline solutions 6X and

6Y.
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X Experimental data
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Figure 6.9 - Plot of resistivity versus temperature difference with respective to the lowest

temperature measured (21 °C) for the saline solution 6X.

50 T T ' ' . ;
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adt 1
E
g
Fuf XX ;
=
g
X
20+ A
10 1 L L ! ! L
0 5 10 15 20 25 30 35

Temperature difference ( °C)

Figure 6.10 - Plot of resistivity versus temperature difference with respective to the lowest

temperature measured (27°C) for the saline solution 6Y.

The temperature dependence of p,, ,, for saline solutions 6X and 6Y, shown in Figs. 6.9 and

6.10, respectively, indicated the effect of the temperature on the resistivity. From the
temperature dependence, it was shown that the resistivity decreases increased as the
temperature increased. These results indicated the negative coefficient of resistivity with
increasing temperature, which are consistent with other researchers’ results [32]. Hence, the

resistivity at a particular temperature can be obtained from the best-fit curve.
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6.7 Concluding Remarks

In this chapter, new geometric factors for the in situ resistivity measurement of conductive
media by means of two slender cylindrical electrodes have been presented. The geometric
factors were derived in the prolate spheroidal and the cylindrical coordinates. The effects of
frequency, current density, time, electrode geometry and temperature on the proposed two-
electrode resistivity measurement technique using plunge electrodes were investigated. The
evaluation of the experimental results showed that the proposed technique is suitable for the
measurement of the resistivity of small-volume biological samples, where the resistivities of
the saline solutions obtained using the derived geometric factors and those obtained using a
commercial conductivity meter were both in good agreement even when the inter-electrode

spacing, the length of the immersed electrode or the depth of the sample was varied.

In conclusion, the evaluation of the experimental results showed that the proposed two-
electrode method is a promising measurement technique for biomedical applications where
small-volume samples are often encountered. The ability of the two-electrode method in
obtaining consistent resistivity even at small sample depth indicates its suitability for
resistivity measurement of small-volume sample. The ratio of [ :d:h was approximately
0.4:1:1 and if this ratio is maintained constant, the dimensions can be drastically scaled down
to values even much smaller than those conducted in the experiments. This is a significant
improvement to the four-electrode method for measuring tissues resistivities, which is shown

in Chapter 4, where the measured resistivities were affected by the small-volume samples.
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CHAPTER 7 - RESISTIVITY MEASUREMENT OF ULTRA-
SMALL-VOLUME SAMPLES USING TWO PLANAR DISC
ELECTRODES WITH A VIEW TO MICROFLUIDICS

APPLICATIONS

7.1 Overview

In Chapter 6, the geometric factors for the in situ resistivity measurement using the two-
electrode method by means of two slender cylindrical electrodes were presented in (6.13) and
(6.23). Equations (6.13) and (6.23) were derived in the cylindrical and the prolate spheroidal
coordinates, respectively. It was shown that the resistivity measurement was accurate for
small-volume sample, where the ratio of /_:d : h is approximately 0.4:1:1:1. Throughout this
chapter, the length of the immersed electrode, the inter-electrode spacing and the depth of the
sample were denoted by [, d and h, respectively. However, the evaluation of the
experimental results in Chapter 6 also showed that as d and I, were both fixed at 5 mm and
h <5mm, there was a derivation of more than 5% between the resistivities measured using
the commercial conductivity meter and those that were obtained using the derived geometric

factors K, ,, and K, .

In this chapter, the use of the two-electrode method for resistivity measurement in
microfluidic applications is studied. The aim is to derive a new geometric factor for an
accurate resistivity measurement of ultra-small-volume sample of biofluids by means of two
planar disc electrodes with a view to its application in a microfluidic channel. The new

geometric factor is derived using the oblate spheroidal coordinates.
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Due to the advances in micro-system fabrication processes, the use of the microfluidic devices
to conduct biomedical research and create clinically useful technologies has been growing
over the years. In addition, there has been a noticeable trend toward the use of microchips and
microfluidic devices for biochemical analysis [158]. Rapid in situ analysis of biological cells
and detection of ultra-small-volume samples, even single cell, are also in great demand since
it covers a range of applications from environmental monitoring and bio-defence to disease
diagnosis and point of care [159]. The possibility of focusing and separating blood cells based
on their conductivity and shape characteristics has a great potential in studying the

fundamental properties of the cells as well as in the medical diagnostics field [160].

The contributions of this chapter are the theoretical derivation and the experimental validation
of a new geometric factor, derived in the oblate spheroidal coordinates, for resistivity
measurement using two thin planar disc electrodes. The theoretical geometric factor took the
shape and the dimensions of the electrodes and the spacing between them into account in
order to obtain the dependence of the resistance between the electrodes on the resistivity of
the medium. Experiments were conducted to validate the theoretical geometric factor using
saline solutions in a grounded metallic container and an electronic circuit. By using relatively
non-polarizable Ag/AgCl planar disc electrodes where the bottom part of the disc was just in
contact with the saline solution and conducting the experiments at an excitation frequency of
3 kHz, the problems associated with the electrode polarisation were minimised. The
evaluation of the experimental results that will be presented later in this chapter showed that
the resistivities of the saline solutions obtained using the derived geometric factors and those
obtained using a commercial conductivity meter were both in good agreement even when the
inter-electrode spacing, the length of the immersed electrode or the depth of the sample was
varied. The two-electrode method for the resistivity measurement described above was also

shown to be independent of the current density of the source of excitation. In addition, the
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measurement reading was shown to be consistent over the measurement period of 1 hour. The
temperature dependence of the measured resistivity of saline solution using the two-electrode
method was also presented. This two-electrode method also produced consistent results even
at small sample depths thereby making it suitable for applications in microfluidic channels for

the measurement of the resistivity of biofluids.

This chapter is organised as follows. New geometric factor for the resistivity measurement
using the two-electrode method is derived in the oblate spheroidal coordinates in Section 7.2.
The experimental set-up and procedures are described in sections 7.3 and 7.4, respectively.
The experimental results are presented in Section 7.5. The concluding remarks are given in

Section 7.6.

7.2  Theory

For the two-electrode method shown in Fig. 7.1, whereby two thin planar disc electrodes,
each with radius b, are in contact with the medium, both conduction and displacement
currents flow between the electrode and the medium. Details pertaining to the polarisation
impedance and the approaches to control and minimize the effect of the polarisation

impedance were discussed in Chapter 6.

Air d
Medium with 4 B
resistivity g2

A J
~

by ]

Figure 7.1 - Two-electrode method for resistivity measurement using planar disc electrodes.
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7.2.1 Relationship between the measured resistance, the electrical resistivity and the

geometric factor in the oblate spheroidal coordinates

Consider the two-electrode method using the planar disc electrodes, as shown in Fig. 7.2. The
current source and sink electrodes, A and B, respectively, are modelled in the oblate
spheroidal coordinates. As noted in Chapter 4, the spheroidal coordinates are considered as
the general ellipsoidal form that covers, as an approximation, almost the whole variety of
possible shapes for particles and segregates of physical interest [100] and spheroids are
examples of objects that have continuously varying surface curvatures[101]. In this chapter,
the oblate spheroids are of interest because the oblate spheroids are good approximation to the

planar disc electrodes [103-105].

A brief description of the oblate spheroidal coordinates system is in order. The relationship
between the oblate spheroidal coordinates (77,8,¢) and the cylindrical coordinates (r,9,z) is
shown in Fig. 3.2. n, denotes the surface of the oblate spheroid and a is the semifocal

distance of the oblate spheroid.

| I
| ]

e mmgE T, g, r
P4 "B v
z
Figure 7.2 - Application of the image method for currents to the current source and sink
electrodes A and B, respectively, with the electrodes modelled in the oblate spheroidal

coordinates.

The theoretical geometric factor for resistivity measurement using the two-electrode method
with planar disc electrodes modelled using the oblate spheroidal coordinates is shown

hereafter.
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7.2.1.1 Potential of a point

Consider a half-oblate spheroid source electrode with current / in a conductive, homogeneous,
isotropic and semi-infinite medium. Applying the image method for currents [118], the result
is an oblate spheroid with a current of 2/ emanating from its surface into an infinite medium

of resistivity p. Making use of (3.67), the potential of a point P in the medium induced by

the source electrode with current 2/ is given by:

ey

(7.1)
= _.p.i tan -1 [l)
27zh n

with 77 defined in (3.68).

7.2.1.2 Self-potential

Making use of (3.62) and since for planar thin disc electrodes, the oblate spheroid surface

7, =0 [106] and consequently a =b, the self-potential of the electrode A, denoted as V, ,,

which is induced by the current source and its images at the electrode A, is expressed as:

21
i pl(21)

5 12)
pl

4b

Similarly, the self-potential of the electrode B, denoted as V, ,, which is induced by the

current sink and its images at the electrode B, is expressed as:

- pl
b= 73)
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7.2.1.3 Mutual potential

Making use of (7.1), the mutual potential of the electrode B, which is induced by the current

source and its images at the electrode A, denoted as V, , , is determined and expressed as:

p! = 1
V,, =L —tan”| — 7.4
BA =y [1}, ) @4

where 7, = \f(af/b)2 —1 by making use of (3.68), letting r=b and z = 0.

Similarly, the mutual potential of the electrode A, which is induced by the current sink and its

images at the electrode B, denoted as V, , , is expressed as:

-pl 1
AB= 2:;) tan I(n_} (7.5)
1

7.2.1.4 Overall potential

Adding (7.2) and (7.5), the overall potential of the electrode A, denoted as V, , that is induced

by the current source and sink, and their particular images at electrodes A and B, respectively,

can be expressed as:

v, =—"1[:r-2mn-l(iﬂ. (7.6)
4rb ;

Correspondingly, the overall potential of the electrode B, denoted as V,, that is induced by

the current source and sink, and their particular images at electrodes A and B, respectively,
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can be expressed as:

V, =;—£[Jr—2tan‘{};—)]. 7.7

7.2.1.5 Potential difference between electrodes A and B

The potential difference between the two electrodes A and B, which is denoted as V, is

obtained by taking the difference between (7.6) and (7.7), and expressed as:

" _2%[::- ztan-‘(qlﬂ . (71.8)

7.2.1.6 The theoretical geometric factor

Rearranging (7.8), the resistivity of the medium, p,, ., which is determined using the two-

electrode method, when the planar disc electrodes are modelled in the oblate spheroidal

coordinates is given:

P26 .05 =(K2£.M)R (7.9)

where R=V/I. The subscripts 2E and os denote two-electrode and oblate spheroidal,

respectively. The geometric factor K,  is expressed as:

2rh

Kig o =i
e a-2an™(n,)

(7.10)

with 77, = 1}(d/b)2 —1, and b is the radius of the planar disc electrode.
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7.3  Experimental Set-Up

Using the measurement system, the experiments were conducted to validate the proposed
geometric factor using the two-electrode method, as shown in Fig. 7.3. The functions of the

various components of the measurement system have been discussed in Section 4.4.

Oscilloscope

»| Current Voltage
i Source Measurement
; vV
Square Wave I} L . L >
Generator FL )
A B B
Cylindrical | ~ Saline solution |/
container with resistivity p

Figure 7.3 - The measurement system for experiments using the two-electrode method with

planar disc electrodes. The current is injected into both electrodes A and B.

The test model consisted of a saline solution in a metallic grounded cylindrical container with
a diameter of 400 mm. The maximum d used in the experiments was 30 mm. Since the
current / was injected through both electrodes A and B, as shown in Fig. 7.3, both the OTAs
inside the LM13700N were used to convert the square wave voltage into a two periodically-
reversed direct currents, which were equal in magnitude but 180 degrees out of phase with
each other, were generated. R was taken as the ratio of V to I, and the calculated resistivities
obtained using the derived geometric factor were compared with the resistivities measured

using the commercial conductivity meter.
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7.3.1 Saline solutions

The saline solution was prepared by mixing common salt and water. Two saline solutions, 7X
and 7Y, were prepared. The salt concentration of saline solutions 7X and 7Y were 5.0 g/litre
and 0.5 g/litre, respectively; these concentrations are chosen to approximate that of
resistivities of the blood. The resistivities of the saline solutions were measured using a
commercial conductivity meter (YSI model EC300), which is shown in Fig. 4.8, so as to act
as a reference for comparison. The resistivity that was obtained using the commercial
conductivity meter is denoted by p_ . The operations of the commercial conductivity meter

were described in Section 4.5.1.

Using a thermometer (Fluke model FLU65), which is shown in Fig. 4.9, the temperature of
the saline solution was measured to be 21°C. All measurements were conducted when the

saline solutions were at 21 °C.

7.3.2 Electrodes

The experiments were conducted using the two-electrode method, where two planar disc
Ag/AgC] electrodes were used. The electrodes used in the experiments were purchased from
A-M Systems, Inc., Carlsborg, USA. The diameter of the planar disc electrode was 4 mm.
During the experiments, the bottom part of the disc electrode was just in contact with the

saline solution, which was contained in a grounded metallic bath.
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7.4  Experimental Procedures

Experiments were conducted for both saline solutions 7X and 7Y. Unless otherwise stated, d
and h were maintained at 5 mm and 60 mm, respectively. It is worthwhile to note that in
Chapter 6, the evaluation of the experimental results has shown that in experiments involving
the two-electrode method with Ag/AgCl electrodes, a suitable frequency of the current source
for the conduct of the experiments was 1 kHz upwards. In addition, the evaluation showed
that the measured geometric factor was independent of the range of current density tested.
The evaluation of the result showed that the measured resistance and subsequent calculated
value of resistivity was independent of the period of time tested. The temperature dependence
of the resistivity determined using the two-electrode method was also presented and discussed

in Chapter 6.

Hence, for the experiments conducted in this chapter, they were conducted at a frequency of 3
kHz, whereby the effect of polarisation impedance was neglected and the measured R was
equated to the bulk electrolyte resistance between the two electrodes. The effects of the
current density, the measurement time and the temperature on the measured geometric factor,
the measured resistance and the calculated resistivity will not be repeated in this Chapter as
the results will be similar to those which have already been presented in Chapter 6.
Nevertheless, the effects of the frequency, the current density and the temperature on the
measured geometric factor, the measured resistance and the calculated resistivity using the

two-electrode method with thin planar disc electrodes are reported in [161].
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7.4.1 Effects of d and h on the calculated resistivity

The focus of the experiments in this chapter was the effects of varying d and h on p,, ..

With & of 60 mm, the electrodes were first fixed at a particular d and then lowered into the
saline solution by rotating the micrometer. The electrodes were immersed till the bottom part
of the disc electrodes was just in contact with the saline solution and measurements were
taken for the particular 4. The above procedure was repeated as d was varied from 5 mm to 30
mm. Next, with d fixed at 5 mm, the measurements were taken as h was decreased in steps of

1 mm from 7 mm downwards.

7.5  Experimental Results and Discussion

Using the commercial conductivity meter, p_ obtained for saline solutions 7X and 7Y were

1.211 Q-m and 9.099 Q-m, respectively.

7.5.1 Effects of d and h on the calculated resistivity

The measured R and the calculated p,, , that were obtained as d was varied were tabulated

in Tables 7.1 and 7.1I for saline solutions 7X and 7Y, respectively. The percentage difference

|% Diff], was obtained using

pZE‘m’ —pf‘ll

om

|% Diff], =[ Jx 100% . (7.11)
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Table 7.1 - The measured resistance and calculated resistivity as the inter-electrode spacing

was varied for the saline solution 7X.

d R Pak os .
() @) @.m) [ i,
5 232 1.26 4.05
10 267 1.23 1.57
20 289 1.23 1.57
30 300 1.25 3.22

Table 7.11 - The measured resistance and calculated resistivity as the inter-electrode spacing

was varied for the saline solution 7Y.

d R p!E,os

(mm) (k) @-m) %Diff}
5 1.66 8.97 142
10 2.00 9.16 0.67
20 2.09 8.94 1.75
30 2.17 9.07 0.32

Tables 7.1 and 7.11 showed that as d was varied, the measured R remained fairly constant and

both p_, and the calculated p,. . were in close agreement. The evaluation of the
experimental results showed that the theoretical K,; ,, was able to obtain an accurate value

of resistivity for different combinations of d.

Next, the experimental results obtained as h was decreased in steps of 1 mm from 10 mm,
with d maintained at 5 mm, were tabulated in Tables 7.11I and 7.1V for saline solutions 7X and

7Y, respectively. The percentage difference |% Diff.|! was obtained using (7.11).

Table 7.111 - The measured resistance and calculated resistivity as the depth of the saline

solution 7X was varied.

h R P1E, os .
(mm) (@) (@-m) % Dif

T 226 1.22 0.74

6 219 1.19 1.73

5 222 1.20 0.91

4 220 1.19 1.73

3 225 1.22 0.74
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Table 7.1V - The measured resistance and calculated resistivity as the depth of the saline

solution 7Y was varied.

h R P2E s .
(mm) (ke2) (@ m) % pift}
7 1.68 9.10 0.01
6 1.67 9.03 0.76
5 1.69 9.14 0.45
4 1.67 9.04 0.65
3 1.68 9.10 0.01

Tables 7.111 and 7.IV showed that as h was decreased in steps of 1 mm from 7 mm, the

measured R remained fairly constant and both p_ and p,. . were in close agreement, where
|% Diff]q < 5% . The evaluation of the result showed that when b and d was 2 mm and 5 mm,

respectively, a consistent resistivity of the medium was obtained even at a shallow h of 3 mm.

The ability of the proposed method in obtaining consistent resistivity even at small sample
depth indicates its suitability for miniaturization. The ratio of b:d:h is approximately
1:2.5:1.5 and if this ratio is maintained constant, the dimensions can be drastically scaled
down to values even much smaller than those suggested in Fig. 7.4, even to the micrometer

range for future fabrication of a microfluidic device for resistivity measurement of biofluids.

Thin disc Thin disc
electrode ™\ / electrode
/ t T N T 1 7
e —
\ 2000pm  5000pm  2000pm 3000 um \\
) Saline solution in microfluidic channel )

Figure 7.4 - Resistivity measurement of saline solution in an enlarged model of a microfluidic

channel using two relatively non-polarizable planar disc electrodes.

It has been reported that there are variability in the impedance measurements of biological

samples, when different electrode shapes were used for impedance spectroscopy
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investigations [149, 162]. The observed variation in the impedance measurements can be
attributed to, amongst others, the use of different electrode geometries. In order to
complement the research work on impedance spectroscopy investigation of biofluids, the
basic principle of the method and materials described in this work can be applied to
microfluidic devices, which use planar interdigitated, parallel or circular electrodes [149,

162], so as to determine the resistivity of biofluids.

7.6  Concluding Remarks

In this chapter, a new geometric factor for resistivity measurement of ultra-small-volume
sample using the two-electrode method by means of planar disc electrodes was derived and
validated through experiments. The evaluation of the experimental results showed that
consistent and accurate resistivity of the medium were obtained using relatively non-
polarizable disc electrodes and the theoretically derived geometric factor when the inter-
electrode spacing or the depth of the sample was varied. In particular, the resistivities of the
saline solutions obtained using the derived geometric factors and those obtained using a
commercial conductivity meter were both in good agreement even for small electrode radius,
inter-electrode spacing and depth of sample, thus making it a promising technique for
miniaturization for applications in microfluidic channels or devices. In addition, the proposed
resistivity measurement technique presented in this chapter was able to obtain accurate
resistivities even when the ratio of d:h is 1:0.6, this is an improvement over the ratio of 1:1,
which was achieved using the resistivity measurement technique presented in Chapter 6. The
work pertaining to resistivity measurement using the two-electrode method with planar disc
electrodes, which is reported in this chapter, has been accepted for publication in IEEE

Sensors J. [161].

-138 -



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

NANYANG
TECHMLOGICAL
X UNIVERSITY

CHAPTER 8 - EFFECTS OF THE SET-UPS ON RESISTIVITY
MEASUREMENT OF FINITE-VOLUME SAMPLES USING

BOTH THE FOUR AND THE TWO-ELECTRODE METHODS

8.1 Overview

The use of both the four and the two-electrode methods for resistivity measurement in
biomedical applications is studied in this chapter. It had been mentioned in Chapter 4 that
currently, there exists a wide variation in lh:: reported resistivities of the biological tissues in
the literature and errors in the measurement set-ups is one of the reasons for the wide
variation [2, 119]. The literature survey also revealed that for resistivity measurement using

the four-electrode method [25], a number of different signals and measurement set-ups had

been used in the past, such as:

(i) the waveform of the sources used, i.e., sinusoidal [4, 8, 22, 29, 40, 43] or
periodically-reversed [5, 26, 27, 36, 41, 45, 119];

(ii) the method of storage of samples during the measurement process, i.e., in a
Plexiglas/plastic/insulator container [4, 5, 28, 36, 40, 43, 45], in a metal container
[119] or on a surgical table [47, 130]; and

(iii) the type of measurement, i.e., in vivo [12, 22, 26, 29, 47, 130] or in vitro [4, 5, 27, 28,

36, 40, 41, 43, 45].

In addition, the electrical property of the tissue that was being measured was provided with a
ground reference in [26, 29]. In all the literature cited above, the current source was used as

the stimulus. It is worthwhile to note that resistivity measurements were conducted using the
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four-electrode method with the sample stored in a metal container [119] and a metallic tank in
chapters 4 and 5, respectively. Resistivity measurements were also conducted using the two-
electrode method in an insulator and a grounded metallic container in chapters 6 and 7,
respectively. It is worthwhile to note that in the literature cited, measurements were conducted
as the following parameters, i.e., the inter-electrode spacing [27, 29, 40, 45, 119] or the
length of the immersed electrode [27, 28, 119] was varied. The effects of varying the inter-
electrode spacing, the length of the immersed electrode and the depth of the medium on the
measured resistivity obtained using both the four and the two-electrode methods were studied
and reported in chapters 4 and 6, respectively. It is to be noted that throughout this chapter,

the length of the immersed electrode is denoted by I, and the inter-electrode spacing using

both the four and the two-electrode methods is denoted by s and d, respectively.

The aim of the work in this chapter is to investigate the effects of the experimental set-ups on
the measured resistivity, which is obtained using both the four and the two-electrode methods,

with the derived K,, , in (4.14) and K,; , in (6.23), respectively, as the inter-electrode

spacing or the length of the immersed electrode is varied.

This chapter is organised as follows. The various set-ups for resistivity measurement using
both the four and the two-electrode methods, which are under investigation, are described in
Section 8.2. Numerical simulations are conducted to study the potential plots obtained using
the various set-ups in Section 8.3. The experimental set-up and procedures are presented in
Section 8.4. The effects of the different set-ups on the measured resistivities are investigated.
The experimental results on the calculated resistivity based on the different set-ups and the
resistivity obtained using a commercial conductivity meter are then evaluated and compared

in Section 8.5. The concluding remarks are given in Section 8.6.
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8.2  Set-ups and Resistivity Calculations

8.2.1 The four-electrode method

8.2.1.1 Set-ups for resistivity measurement

Using the four-electrode method, six possible but different set-ups as shown in Table 8.1 are
first discussed. The conceptual representation of set-ups C;, C; and Cs is shown in Fig. 8.1(a)

whereas the conceptual representation of set-ups C,, C, and Cj is shown in Fig. 8.1(b).

Table 8.1 — Possible set-ups for the four-electrode method.

Set-up v, vV, I, ) { v, - Ve ) Container
Grounded
C, Float Float +1 -1 |4 i
Grounded
* = E2 3
C; Float Gnd +I -pl 4 S
G Float Float +1 i v Ungrounded
conductor
C Float | Gnd* +1 i v Ungomided
conductor
Cs Float Float +1 -1 Vv Insulator
Cs Float Gnd* +1 -1 Vv Insulator

Note: Gnd* — Electrode D is grounded, -p/**—p < 1.

@ _v. v.  ® v
V‘E’*@ ?f V‘i"@] E
| | 1|
D

4 B C.D A B C
Conductive medium Conductive medium
Container Container

Figure 8.1 - Conceptual representation for set-ups (a) C;, C; and Cs and (b) C;, C, and C for
the four-electrode method. (Note: V__ is the supply voltage).

For set-ups C;, C; and Cs, two periodically-reversed direct currents, which are equal in

magnitude but 180 degrees out of phase with each other, are generated; the leads from these
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generated currents are then connected to electrodes A and D, i.e., +I and -/ are flowing in
electrodes A and D, respectively. For set-ups C,, C,; and G, the electrode D is grounded and
+1 is flowing in the electrode A. However, it is noted that in the set-up C;, both the container
and the electrode D are grounded, hence, the current is recollected at the container, as well as
the electrode D. For set-ups C,; and Cg, only the electrode D is grounded, hence all the current
injected through the electrode A is recollected at the electrode D, i.e., -I is flowing in the

electrode D.

In the measurement system used by Rush er al. in [26], a controlled current flowed into and
out of the sample under study by means of two outer electrodes. The sample that was being
measured was grounded at points that were located far away from the measuring electrodes.
Since the current at electrodes A and D were +/ and -/, respectively, and the sample was
grounded at locations distant from the measuring electrodes, the set-up used by Rush et al. is
similar to the set-up C;. In the measurement system described in Chapter 4 and [119], a
current was injected into the electrode A and the electrode D was grounded. Measurements
were conducted on samples in an ungrounded metallic container. Since only the electrode D
was grounded, hence all the current injected into the electrode A was recollected at the
electrode D. Since +/ and —I were flowing in electrodes A and D, respectively, and the
measurements were conducted in an ungrounded conductor container, the set-ups described in
Chapter 4 and [119] are similar to the set-up C,. In the measurement systems used by Tsai et
al. in [28] and Haemmerich et al. in [12], a current was injected into the electrode A and the
electrode D was grounded. Measurements were conducted on samples in a plastic container.
Since only the electrode D was grounded, all the current injected into the electrode A was
recollected at the electrode D i.e., +I and —/ were flowing in electrodes A and D, respectively.
Measurements were also conducted in an insulator container, hence the set-ups used by Tsai

et al. and Haemmerich et al. are similar to the set-up Cs.
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At this juncture, it is worthwhile to note that not all the six possible set-ups are suitable for
resistivity measurements using the four-electrode method. For set-ups C; and Cs, it was noted
that there was no ground for the potential in the measurement set-ups. Consequently, the
models for both set-ups C; and Cs were not uniquely defined as the potential was not
measured with reference to any specific ground. Hereafter, both set-ups C; and Cs were

considered as not suitable for the study.

8.2.1.2 Resistivity calculations

As noted in Chapter 4, using the four-electrode method, the resistivity can be calculated using
(4.1), (4.2) or (4.13). Both the four and the two-electrode methods were used to measure the
resistivity in this chapter. Hence, so as to ensure a consistency in the techniques used to
calculate the resistivity, both the geometric factors used for the resistivity calculation using
the two methods were based on those derived in the prolate spheroidal coordinates. Therefore,

using the four-electrode method, the resistivity p,; ,, was calculated using (4.13) [119]:

p-ﬂ-E‘ps = [de.ps ]R

2rl
where K, ,, = it

o=

(1(2 +52 + ,:..:")+J(Ir2 +s2+ z,.")z -4l 7}
2} 2

‘.

.=

L]

(1‘.2 + 45’ +Z.-2)+\/[1cz +4s’ "‘Ziz)l i
2>

c

;=

]

z, =1_(2i—1)/2n , the number of segments n was 10, and the measured resistance R=V/I .

The subscripts 4E and ps denote four-electrode and prolate spheroidal, respectively.
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8.2.2 The two-electrode method

8.2.2.1 Set-ups for resistivity measurement

Using the two-electrode method, where a simplified equivalent circuit model for the two-
electrode method is shown in Fig. 6.2, six possible but different set-ups as shown in Table 8.11
are first discussed. The conceptual representation of set-ups C;, C; and Cs is shown in Fig.

8.2(a) whereas the conceptual representation of set-ups C,, C, and Cs is shown Fig. 8.2(b).

Table 8.11 — Possible set-ups for the two-electrode method.

Sex-ap. Vi Vs I, Iy Vi-Vs) Container
C, Float Float +1 .l v Grounded
conductor
Cz Float Gnd* +1 'p)"‘ ¥ Vv Grounded
conductor

C; Float Float +1 i v Ungrounded
conductor

C,y Float Gnd* +] g v Ungrounded
conductor
Cs Float Float +1 -1 4 Insulator
Cs Float Gnd* + -1 4 Insulator

Note: Gnd* — Electrode B is grounded, -p/**-p < 1.

Conductive medium Conductive medium
Container Container

Figure 8.2 - Conceptual representation for set-ups (a) C;, C; and Cs and (b) C;, C, and Cjs for
the two-electrode method. (Note: V__ is the supply voltage).

As discussed earlier, not all the six possible set-ups are suitable for resistivity measurements
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using the two-electrode method. It was noted that both set-ups C; and Cs had no ground for
the potential in the measurement set-ups. Consequently, both set-ups C; and Cs; were
considered as not suitable for the study. Applications where the current / was injected to the
electrode A and recollected at the electrode B were given in Chapter 6; these are applicable for
set-ups C;, Cy and C;. For set-ups C;, C; and Cs, two periodically-reversed direct currents,
which are equal in magnitude but 180 degrees out of phase with each other, are generated; the
leads from these generated currents are then connected to electrodes A and B, i.e., + and -/
are supplied to electrodes A and B, respectively, as applied in Chapter 7. For set-ups C, C,

and Cj, the electrode B is grounded.

8.2.2.2 Resistivity calculations

As noted in Chapter 6, using the two-electrode method, the resistivity can be calculated using
(6.12) or (6.22). It has been described in Section 8.2.1.2 that the resistivities are to be
calculated using geometric factors which were derived in the prolate spheroidal coordinates.

Hence, using the two-electrode method, the resistivity p,, ,, was calculated using (6.22):

Pigps = (Kzz, prJR

27l
(_l_)iln (___’70” Vi
nJjiz MNo—=1 A\, +1

Ty = !1+1.5(r /1 )3 S (Iﬁ +d? +Zi2)+'J(fr2 - +z‘_z}3 _‘urzz‘_z |

21 ?

c

where : K¢ ,, =

Z =Ic(2:'—l)/2n, r. is the radius of the slender cylindrical electrode, the number of
segments 7 was 10, and R =V/I . The subscripts 2E and ps denote two-electrode and prolate

spheroidal, respectively.
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8.3  Numerical Simulations on the Different Set-ups

From the analytical analysis described in Section 8.2, the set-ups, which are suitable for both
the four and the two-electrode methods, are set-ups C}, C,, C; and Cs. Using the simulation
software Maxwell SV from Ansoft Corporation [163], the potential distributions obtained
using set-ups C;, C;, C, and Cs were simulated and shown in Figs. 8.3(a), 8.3(b), 8.3(c) and

8.3(d), respectively.

In the numerical simulations, the potential of electrodes A and D is +1 V and -1 V,
respectively. In set-ups C, and C,, the containers were grounded conductors. In set-ups C, and

Cs, the container was an ungrounded conductor and an insulator, respectively.

(a) Electrode 4 Electrode D (¢) Electrode 4 Electrode D

(b) Electrode A Electrode D (d)  Electrode A4 Electrode D

Figure 8.3 - Plots of potential distribution simulated using the set-ups (a) C}, (b) C3, (¢) Cy
and (d) Cs, for both the four and the two-electrode methods. For the two-electrode method,
the text “Electrode D" is replaced by the text “Electrode B”.
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In set-ups C;, C4 and C; for resistivity measurements using the four-electrode method, the
currents flowing through electrodes A and D were +I and -1, respectively. In the set-up C;, as
the current was recollected at the grounded container, as well as at the grounded electrode D,
it was assumed that equal amount of current flowed through the container and the electrode D.
Hence, in the set-up C;, the currents flowing through electrodes A and D were +I and —0.5],
respectively. It is to be noted that the above analysis is also applicable for set-ups C,, C,, Cy
and Cj for resistivity measurements using the two-electrode method, with the electrode D

replaced by the electrode B.

The simulation results showed that the potential distributions obtained for set-ups C; and C;
were the same in terms of the flow pattern and the absolute values. In contrast, the potential
distribution obtained using the set-up C; was different from those obtained using set-ups C,
and C; in terms of the absolute values. The potential distribution obtained using the set-up Cjs
was also different from those obtained using set-ups C; and C, in terms of both the flow
pattern and the absolute values. In addition, it is noted that the potential that was induced on

the surface of the electrodes were the same for set-ups C;, Cy and Cs.

From the evaluation of the simulation results, it is inferred that for resistivity measurement
using the four-electrode method, the resistivities obtained using set-ups C; and C, are
expected to be the same, whereas the resistivities obtained using set-ups C; and C; are
expected to be different from those that are obtained using set-ups C; and C,. The reason is
that the resistivity determined using the four-electrode method is dependent on the voltage
differences between electrodes B and C, which are located in between electrodes A and D.
The voltages of electrodes B and C are in turn dependent on the potential distribution in the

regions between electrodes A and D.
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In addition, from the evaluation of the simulation results, it is also inferred that for resistivity
measurement using the two-electrode method, the resistivities obtained using set-ups C,, C4
and C; are expected to be the same, whereas the resistivities obtained using the set-up C; is
expected to be different from those that are obtained using set-ups C;, C; and Cs. The reason
is that the resistivity determined using the two-electrode method is dependent on the voltages
that are induced on electrodes A and B, which are independent of the potential distribution in

the regions between electrodes A and B.

8.4  Experimental Set-Up and Procedures

From the numerical simulations performed in Section 8.3, it is expected that for the four-
electrode method, the resistivities obtained using set-ups C,; and C; are expected to be the
same, whereas the resistivities obtained using set-ups C; and C; are expected to be different
from those obtained using set-ups C, and C;. For the two-electrode method, the resistivities
obtained using set-ups C,;, C, and C, are expected to be the same, whereas the resistivity
obtained using the set-up C; is expected to be different from those obtained using set-ups Cj,

C.; and Cg.

In this section, the experiments were conducted on a test model to validate the results
obtained from the numerical simulations and also to determine the proper set-ups for accurate
resistivity measurement using both the four and the two-electrode methods. The experiments
were conducted using a measurement system, as the inter-electrode spacing or the length of
the immersed electrode was varied using both the four and the two-electrode methods. The
test model consisted of a saline solution in a cylindrical container with a diameter of 400 mm.
The functions of the various components of the measurement system have been discussed in

Section 4.4. The maximum s and d used in the experiments were both 30 mm.
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8.4.1 Saline solutions

The saline solution was prepared by mixing common salt and water. Two saline solutions, 8X
and 8Y, were prepared. The salt concentration of saline solutions 8X and 8Y were 2.5 g/litre,
and 0.067 gflitre, respectively; these concentrations were chosen to approximate that of
biological tissues. The resistivities of the saline solutions were measured using the
commercial conductivity meter (YSI model EC300), which is shown in Fig. 4.8, so as to act
as a reference for comparison. The resistivity that was obtained using the commercial
conductivity meter was denoted by p_. . The operations of the commercial conductivity meter

were described in Section 4.5.1.

All measurements were conducted when the saline solutions were at 21 °C, measured using a
thermometer (Fluke model FLUG65), which is shown in Fig. 4.9. Unless otherwise stated, the

depth h of the saline solution was maintained at 60 mm throughout the experiments.

8.4.2 Electrodes

The experiments were conducted using both the four and the two-electrode methods, with
four slender cylindrical Ag and two slender cylindrical Ag/AgCl electrodes, respectively. The
electrodes were purchased from A-M Systems, Inc., Carlsborg, USA. The diameters of the Ag
and Ag/AgCl electrodes were measured using a digimatic calliper (Mitutoyo model CD-6"

CsX), which is shown in Fig.4.10, and found to be 0.38 mm and 0.51 mm, respectively.
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8.4.3 Experimental procedures

The experiments described hereafter in this section were conducted for both saline solutions
8X and 8Y. Both the four and the two-electrode methods were used to determine the
resistivities of the saline solutions. The measurements were conducted using the four set-ups,
C,, C;, Cy and Cg, which were considered suitable for the study. First, using the four-electrode
method, the electrodes with s first fixed at 5 mm, were lowered into the saline solution by
means of a micrometer until /. was 2 mm. Measurements were then taken for this particular
combination of s and /_. The measurement was repeated as [. was varied from 2 mm to 5

mm and s was varied from 5 mm to 30 mm.

Next, the above procedures were repeated using the two-electrode method as [, was varied

from 2 mm to 5 mm and d was varied from 5 mm to 30 mm.

8.5  Experimental Results and Discussion

Using the commercial conductivity meter, p_, obtained for saline solutions 8X and 8Y were

2.066 Q-mand 40.58 Q-m, respectively.

8.5.1 Experimental results for the four-electrode method

As I_ was fixed at 2 mm and s was varied from 5 mm to 30 mm, the resistivities for saline

solutions 8X and 8Y under the different set-ups were calculated and tabulated as shown in
Table 8.1 In addition, the calculated resistivities for saline solutions 8X and 8Y were plotted

as shown in Figs. 8.4(a) and 8.4(b), respectively.
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Table 8.111 - Calculated resistivities of saline solutions 8X and 8Y using the different set-ups
as the inter-electrode spacing was varied.
p (Q-m)
Saline solution 8X Saline solution 8Y
5
C C (% C G C G C
(mm) 1 2 4 6 1 2 4 6

5 203 | 1.10 | 2.01 | 2.01 | 399 | 214 | 39.7 | 39.6
10 2.01 1.13 | 200 | 2.03 | 40.8 | 20.7 | 40.8 [ 41.2
20 202 | 1.15 [ 2.03 | 239 | 40.0 | 23.1 | 40.1 | 43.0
30 205 [ 126 | 2.04 | 270 | 404 | 23.7 | 399 | 484

3.0

T T T T

(a) Saline solution 8X

Resistivity g ({.m)
&
T

..—-—-———'_"-A—K
e — e
1.0F 7
0.5+ 7
----- Pem -9-Config. C, Config. C, -#-Config. C, -g- Config Cﬁl
I I I I T 1
0[} 5 10 15 20 25 30 35
Inter-electrode spacing s (mm)
60, T —— r T ]
(b) Saline solution 8Y T '
50r 7
E 40- ""P—k_’j/,’: |
g
Q
B 1
&
Z [ HSR—— L S
iy & ———— -
10F 1
v p -©-Config. C, -+ Config. C, -%-Config. C_ -z Config. C,
T I T I I 11
00 5 10 15 20 25 30 35

Inter-electrode spacing s (mm)

Figure 8.4 - Plot of the calculated resistivity using the four-electrode method as the inter-

electrode spacing was varied for saline solutions (a) 8X and (b) 8Y.
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The evaluation of the experimental results showed that when s was small, e.g., 5 mm, the
calculated resistivities of the saline solutions remained fairly constant and were in agreement

with p_ for all the set-ups except the set-up C,. However, as s was varied, the calculated
saline resistivities remained fairly constant and were in good agreement with p_. only for
set-ups C; and C,. For the set-up C,, the calculated resistivities do not agree with p_ ,

whereas for the set-up Cj, the calculated resistivities deviated from p,_ when s was varied.

As s was fixed at 20 mm and /. was varied from 2 mm to 5 mm, the resistivities for saline

solutions 8X and 8Y under the different set-ups were calculated and tabulated as shown in
Table 8.1V. In addition, the calculated resistivities for saline solutions 8X and 8Y were plotted

as shown in Figs. 8.5(a) and 8.5(b), respectively.

Table 8.1V - Calculated resistivities of saline solutions 8X and 8Y using the different set-ups
as the length of the immersed electrode was varied.

p(Q-m)

Saline solution 8X Saline solution 8Y

L C, C; Cy Cs C,; C, Cs Cs
(mm)

2 202 | 1.15 | 203 | 239 | 400 | 23.1 | 40.1 | 43.0
3 2.04 1.09 | 2.03 | 238 | 39.7 | 232 | 40.1 | 423
4 2.03 109 | 202 | 234 | 412 | 23.1 | 41.0 | 42.1
5 2.03 1.08 | 2.02 | 231 398 | 227 | 40.1 | 415

T T T

3.0

(a) Saline solution 8X

2.5+ 4
——— -

e
o.
i

Pt

Resistivity p (£.m)
o

b

1

<

L
T

L

w—p -©-Config. CJr -« Config. Cz -#- Config. C‘-*Conﬁg, Co
. 1 2 3 4 5 6
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(b) Saline solutic;n 8Y

L
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Resistivity p (£.m)
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=
T
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Length of immersed electrode .i'r {mm)

Figure 8.5 - Plot of the calculated resistivity using the four-electrode method as the length of
the immersed electrode was varied for saline solutions (a) 8X and (b) 8Y.

The evaluation of the experimental results showed that when either /., was small with a large
s, il.e.,at I_ =2 mm and s = 20 mm, or when /, was varied, the calculated saline resistivities
remained fairly constant and were in good agreement with p_ only for set-ups C; and Cj,

whereas for set-ups C; and Cy., the calculated resistivities do not agree with p_ .

8.5.2 Discussions for the four-electrode method

From the evaluation of the experimental results, it was observed that for all the set-ups, with
the exception of the set-up C;, an accurate resistivity of the saline solution was obtained for
specific parameters of s and /_. One example as shown in the results was when s and /_ were
maintained at 5 mm and 2 mm, respectively. However, it was also noted that the above
observation do not remain true when either one of the parameter s or /. was varied. When
either s or /. was varied, an accurate resistivity was only obtained using the set-ups C; and

Cs.
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It was inferred from the numerical simulation results in Section 8.3 that the resistivities
obtained using set-ups C; and C, were expected to be the same. These numerical simulation
results were validated from the evaluation of the experimental results, where it was shown

that when either s or [, was varied, the resistivities obtained using set-ups C, and C, were the

same and they were also in good agreement with p_ .

In addition, the numerical simulation results in Section 8.3 also inferred that the resistivities
obtained using set-ups C; and Cs were expected to be the different from those obtained using
set-ups C; and C, This observation was again validated from the evaluation of the
experimental results, where it was shown that when either s or I, was varied, the resistivities
obtained using set-ups C; and C; were different from those obtained using set-ups C; and C;

and they were also not in good agreement with p_, .

An investigation into the cause of these discrepancies is in order. When measurements are
conducted using the four-electrode method as either s or [ is varied, it is of significant
importance to obtain an ideal potential distribution. This is because the calculated resistivity is
dependent on the potential difference obtained between electrodes B and C, which is in turn

dependent on the potential distribution located at intervals in the regions between electrodes A

and D.

It is worthwhile to note that the ideal potential distribution obtained using the four-electrode

method, as either s or /_ is varied, is based on the following circumstances:

(i) current is injected using two outer electrodes A and D, i.e., the currents at electrodes
A and D are +I and -/, respectively, and
(ii) potential at the far field is zero, this can be modelled by grounding the boundary of

the container.
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All the above circumstances were found in the set-up C;, hence the potential distribution
obtained using the set-up C; was the same as the ideal potential distribution as either s or [,
was varied. It was shown in the numerical simulations in Section 8.3 that the potential
distributions obtained using set-ups C, and C,; were the same in terms of the flow pattern and
the absolute values. For the set-up C,, the current was injected at the electrode A, the
electrode D was grounded and measurements were conducted in a metal container. As only
the electrode D was grounded in the measurement set-up, all the current that was injected at
the electrode A was recollected at the electrode D, thus the currents at the electrodes A and D
were +I and -I, respectively. Moreover, as the measurement was conducted in a metal
container, where the resistivity of the metal container is very low, the potential at the far field
was almost zero. Hence the potential distribution obtained using the set-up C, was the same as
the ideal potential distribution, which was obtained using the set-up C), as either s or [, was

varied.

In addition, it was shown in the numerical simulations in Section 8.3 that the potential
distributions obtained using set-ups C, and Cs; were different from the ideal potential
distribution obtained using the set-up C,. For the set-up C,, both the electrode D and the
container were grounded, hence the current that was injected at the electrode A was
recollected at the electrode D, as well as at the container, consequently the potential
distribution obtained using the set-up C, was different from the ideal potential distribution

obtained using the set-up C;, as either s or [, was varied. For the set-up G, as the

measurement was conducted in an insulator container, the potential at the far field was not
zero. Hence the potential distribution obtained using the set-up Cs was different from the ideal

potential distribution obtained using the set-up C,, as either s or [, was varied.
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In summary, the evaluation of the experimental results showed that an inaccurate resistivity
was obtained using the four-electrode method with set-ups C; and C4; when either s or I, was

varied. In contrast, the evaluation showed that an accurate resistivity measurement was

obtained with set-ups C, and C; for the following tested situations:

(i) when [ was fixed and s was varied from 5 mm to 30 mm, or

(ii) when s was fixed and /_ was varied from 2 mm to 5 mm.

8.5.3 Experimental results for the two-electrode method

As I was fixed at 2 mm and d was varied from 5 mm to 30 mm, the resistivities for saline

solutions 8X and 8Y under the different set-ups were calculated and tabulated as shown in
Table 8.V. In addition, the calculated resistivities for saline solutions 8X and 8Y were plotted

as shown in Figs. 8.6(a) and 8.6(b), respectively.

Table 8.V - Calculated resistivities of saline solutions 8X and 8Y using the different set-ups as
the inter-electrode spacing was varied.
p (Q-m)
Saline solution 8X Saline solution 8Y
i) C G Cy Cs C C; Cs Cs

5 210 | 1.06 | 2.10 | 2.08 | 41.2 21.8 41.1 | 412
10 | 206 | 1.04 | 2.00 | 2.02 | 39.6 215 40.2 | 40.6
20 |1 204 | 1.04 | 2.05 | 2.04 | 414 219 41.1 | 414
30 | 201 | 1.07 | 2.08 | 2.01 40.3 216 400 [ 403
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Figure 8.6 - Plot of the calculated resistivity using the two-electrode method as the inter-
electrode spacing was varied for saline solutions (a) 8X and (b) 8Y.

The evaluation of the experimental results showed that as d was varied, the calculated
resistivities of saline solutions 8X and 8Y remained fairly constant and were in agreement with

p... for all the set-ups except the set-up C,.

As d was fixed at 20 mm and [, was varied from 2 mm to 5 mm, the resistivities for saline

solutions 8X and 8Y under the different set-ups were calculated and tabulated as shown in
Table 8.VLI. In addition, the calculated resistivities for saline solutions 8X and 8Y were plotted

as shown in Figs. 8.7(a) and 8.7(b), respectively.
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Table 8.VI - Calculated resistivities of saline solutions 8X and 8Y using the different set-ups

as the length of the immersed electrode was varied.

p(Q-m)
Saline solution 8X Saline solution 8Y

Lleoglalalal ol ol el c
(mm)

2 204 | 104 | 205 | 2.08 414 219 41.1 414

3 212 | 1.06 | 206 | 2.01 40.1 21.8 40.0 | 41.1

4 2.06 | 1.06 | 2.09 | 2.07 39.6 20.9 40.0 | 399

5 207 | 1.03 | 204 | 2.08 | 40.2 217 406 | 41.2
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Figure 8.7 - Plot of the calculated resistivity using the two-electrode method as the length of
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The evaluation of the experimental results showed that as [, was varied, the calculated

resistivities of the saline solutions 8X and 8Y remained fairly constant and were in agreement

with p_ for all the set-ups except the set-up C..

8.5.4 Discussions for the two-electrode method

It was inferred from the numerical simulation results in Section 8.3 that the resistivities
obtained using set-ups C;, C; and Cs; were expected to be the same. These numerical
simulation results were validated from the evaluation of the experimental results, where it was
shown that when either d or /., was varied, the resistivities obtained using set-ups C;, C; and
Cs were the same and they were also in good agreement with p_, . In addition, the numerical
simulation results also inferred that the resistivity obtained using the set-up C, was expected
to be the different from those obtained using set-ups C,, C, and C,. This observation was
again validated from the evaluation of the experimental results, where it was shown that when

either d or I, was varied, the resistivity obtained using the set-up C, was different from those

obtained using set-ups C;, C;and Csand it was also not in good agreement with p_, .

An investigation into the cause of the discrepancy for the set-up C; is in order. When

measurements were conducted using the two-electrode method as either d or I, was varied,

the important point to take note is that the currents at the source and the sink electrodes were
+I and -1, respectively. This is because the potential difference measured using the two-
electrode method is based on the self- and the mutual potential of the electrodes A and B,

which was induced by the currents at the electrodes A and B.

All the above circumstances were found in set-ups C,, C, and Cj. For the set-up C), currents

were injected into electrodes A and B with the sample measured in a grounded metallic
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container. For set-ups Cy and Cj, the current was injected at the electrode A, the electrode B
was grounded and measurements were conducted in a container that is not grounded. As only
the electrode B was grounded in the measurement set-ups, all the current that was injected at
the electrode A was recollected at the electrode B, thus the currents at the electrodes A and B
were +[ and -/, respectively. For the set-up C;, both the electrode B and the container were

grounded and consequently, the current at the electrode B was not —I.

In summary, from the evaluation of our experimental results, it was observed that for all the
suitable set-ups that were under study, with the exception of the set-up C,, an accurate

resistivity of the saline solution was obtained for the following situations:

(i) when [ was fixed and d was varied from 5 mm to 30 mm, or

(ii) when d was fixed and /_ was varied from 2 mm to 5 mm.

8.6  Concluding Remarks

In this chapter, the effects of the different set-ups for the resistivity measurements of finite-
volume samples by means of both the four and the two-electrode methods were studied. The
evaluation of the experimental results highlighted the proper set-ups for the different
experimental circumstances. In addition, the evaluation showed that when the proper set-ups
were used, the saline resistivities that were obtained using the commercial conductivity meter
and the derived geometric factors were both in good agreement and remained consistent, even
when the inter-electrode spacing or the length of the immersed electrode was varied. Since
resistivity measurement may be carried out under various experimental circumstances,
knowledge of the proper set-up to be used is therefore important as it allows one to be able to

accurately determine the resistivity of the conductive medium.
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CHAPTER 9 - CONCLUSION AND RECOMMENDATION

9.1 Conclusion

The limitations of the currently used techniques for the resistivity measurement of conductive
media and the determination of the parameters of a two-layer soil model were discussed in
this thesis. The resistivity measured using the two-electrode method was reported to be
affected by the effect of the electrode polarisation impedance. In addition, the resistivity
measured using the commonly used four-electrode method was also known to be inaccurate
when the sample size was small. It had also been shown that the depth of the first layer of a
two-layer model estimated using the Sunde’s graphical method was not unique and not in

good agreement with the measured depth of the first layer.

In this thesis, a theoretical and experimental study on some aspects of resistivity measurement
of conductive media using both the four and the two-electrode methods was reported.
Conductive media with both small and ultra-small-volume samples were of particular interest,
where such samples are often encountered in the biomedical and microfluidics applications. A
novel geometric factor, derived in the prolate spheroidal coordinates, for the in situ resistivity
measurement using the four-electrode method with slender cylindrical electrodes was
proposed and experimentally validated. The evaluation of the experimental results showed
that the saline resistivities that were obtained using a commercial conductivity meter and the
proposed geometric factor were both in good agreement as the inter-electrode spacing or the
length of immersed electrode was varied. In particular, a percentage error of less than 5% was
achieved even when the length of the immersed electrode was comparable with or larger than

the inter-electrode spacing, which was an improvement over the results obtained using the
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conventional geometric factors proposed by Wenner and Baishiki, which were derived based
on the modelling of the electrodes as points and slender cylinders, respectively. In addition,
the evaluation of the experimental results also showed that the resistivity obtained using the
four-electrode method was not affected by the sample size when the depth of the sample was

at least or equal to four times the inter-electrode spacing.

A new technique incorporating more accurate resistivity data, which is an improvement over
the conventional Sunde’s graphical method, was proposed for the determination of the
parameters of a two-layer soil model. From scale-model experiments conducted on two-layer
model of saline solutions and agar in an electrolytic tank, the proposed measurement
technique has been shown to obtain a more accurate two-layer soil model. In addition, the
evaluation of the experimental results showed that the depth of the first layer estimated using
the proposed measurement technique was more accurate than the depth estimated using the

conventional Sunde’s graphical method.

Next, novel geometric factors, derived in the prolate spheroidal and the cylindrical
coordinates, for the in situ resistivity measurement of small-volume sample of conductive
media using the two-electrode method with slender cylindrical silver-silver chloride
electrodes were proposed and experimentally validated. The evaluation of the experimental
results showed that the saline resistivities determined using the derived geometric factors and
a commercial conductivity meter were both in good agreement when the inter-electrode
spacing, the length of the immersed electrode or the depth of sample was varied. In addition,
the proposed two-electrode measurement technique with slender cylindrical electrodes was
able to obtain accurate resistivity even when the ratio of the inter-electrode spacing to the
depth of the sample was 1:1. The ability of the proposed measurement technique in obtaining
accurate resistivity for small-volume samples is important as small-volume samples are often

encountered in biomedical applications.
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An enhancement for the resistivity measurement of small-volume samples using the two-
electrode method with slender cylindrical electrodes was presented next. A new geometric
factor, derived in the oblate spheroidal coordinates, for the resistivity measurement of ultra-
small-volume samples of conductive media using the two-electrode method with planar disc
silver-silver chloride electrodes was proposed and experimentally validated. The evaluation of
the experimental results showed that the resistivities of the saline solutions determined using
the derived geometric factor and a commercial conductivity meter were both in good
agreement even when the inter-electrode spacing, electrode radius and the depth of sample
were small. These results showed that the proposed measurement method is a promising
measurement technique of biofluids for applications in microfluidics devices. Furthermore,
the proposed two-electrode measurement technique with planar disc electrodes was shown to
obtain accurate resistivity even when the ratio of the inter-electrode spacing to the depth of
the sample was 1:0.6, this is an improvement over the ratio of 1:1, which was achieved when
the slender cylindrical electrodes were used instead of the planar disc electrodes. It is
worthwhile to note that the effectiveness of the working of the two-electrode method, where a
simplified equivalent circuit model of it is shown in Fig. 6.2, is dependent on the methods

used to minimize the effects of the electrode-electrolyte impedance, as described in Chapter 6.

Finally, since errors in measurement set-ups were known to cause a large variation in the
reported resistivities of the biological tissues, the effects of the different set-ups on the
resistivity of finite-volume samples determined using both the four and the two-electrode
methods were investigated and reported. The resistivities of saline solutions that were
obtained using a commercial conductivity meter and those that were determined using the
different set-ups for both the four and the two-electrode methods were compared and
evaluated as the inter-electrode spacing or the length of the immersed electrode was varied.
The set-ups, which are suitable for resistivity measurement under the above-mentioned

circumstances, were then reported.
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9.2 Recommendations for Future Research Work

Improvements to the currently used resistivity measurement techniques were presented and
experimentally validated in this thesis. Potentially, there are myriads of discoveries yet to be
explored in both the proposed four and two-electrode measurement techniques for the
biomedical and the power system grounding applications. The recommendations for the future

research work can be broadly classified into the following fields:

(i) The proposed geometric factors presented were derived by solving for the potential at
all points in a semi-infinite conductive, homogeneous and isotropic medium, which
was due to a steady or direct current that enters the medium at the surface. However,
resistivity measurements have also been conducted using high frequency alternating
currents as excitation sources. Therefore, it will be interesting to study the
implementation of the proposed measurement techniques for the determination of the
electrical properties of the medium, such as the complex resistivity and the

permittivity, in circumstances where high frequency alternating currents are used.

(ii) The proposed geometric factors and measurement techniques were experimentally
validated by experiments conducted in saline solutions and agar layers, where the
resistivities of the saline solutions and the agar were chosen to approximate that of
biological tissues. However, the imperative application of the proposed geometric
factors and measurement techniques is for the understanding of the electrical
properties of humans and animals. Hence, it will be interesting to extend the current

research to conduct in vive resistivity measurements on humans and animals.
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(iii) The current research methodologies were derived for and experimentally validated in
an isotropic conductive medium. However, it was known that there were differences
in the tissues resistivities when measurements were taken in an anisotropic
conductive medium. Thus, it will be interesting to extend and implement the proposed

measurement techniques in anisotropic conductive media.

(iv)  The proposed measurement technique for the determination of the parameters was
derived for a two-layer model, which was arranged horizontally. However, lateral
changes in the resistivity, which resulted in a vertical fault, are also encountered in
the field. Therefore, it will be interesting to extend the proposed measurement

technique for applications where there is a vertical fault in the soil structure.

(v) The derived theoretical geometric factors and measurement techniques, which are
based on static analysis, are verified from experiments conducted when the
dimensions of the measurement system are small. However, when the dimensions are
larger, such as soil resistivity measurements, the usage of AC methods may lead to
different factors due to the skin effects in the soil. Therefore, it will be advantageous
to determine the validity of the proposed methods and the development of the

geometric factors for measurements at higher frequencies for system of greater extent.
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