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Abstract

In this paper, we propose an equation and define the Isopotential
Interface Factor (IIF) to quantify the contribution of electrode
polarization impedance in two tetrapolar electrode shapes. The
first tetrapolar electrode geometry shape was adjacent and the
second axial concentric, both probes were made of stainless steel
(AISI 304). The experiments were carried out with an impedance
analyzer (Solartron 1260) using a frequency range between 0.1 Hz
and 8 MHz. simplification, the
experimental results show a lower value of the IIF in the axial
concentric tetrapolar electrode system which caused a lower
correction of interface value. The higher value of the IIF in the
adjacent electrode system was Kgg; (1Hz, 0.28 mS/cm) = 1.41 and
decreased when the frequency and conductance were increased,
whereas in the axial concentric electrode system was Kggp (1Hz,
0.28 mS/cm) = 0.08. The average isopotential interface factor
throughout the whole range of conductivities and frequencies was
0.23 in the adjacent electrode system and 0.02 in the axial
concentric electrode system. The index of inherent electrical
anisotropy (IEA) was used to present an analysis of electrical
anisotropy of biceps brachii muscle in vitro using the corrections
of both tetrapolar electrode systems. A higher IEA was present in
lower frequency where the variation below 1 kHz was 15 % in
adjacent electrode configuration and 26 % in the axial concentric
probe with respect to full range. The IIF is then shown that it can
be used to describe the quality of an electrode system.

Based on a theoretical

Keywords: Concentric axial electrode, adjacent -electrode,
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Introduction

The electrodes used in dielectric and impedance
spectroscopy can have several different shapes, materials,
roughness, and polarities. At low frequencies, the metallic
and semiconductor electrodes produce a polarization effect
between the interface of electrode and sample. When a
metallic electrode and an electrolytic medium are placed in
contact, an electrochemical double layer is generated on the
electrode surface due to the distribution of dissimilar ions
between the solid and liquid phase [1]. This charge
distribution produces an electric field and modifies the
ionic atmosphere. During this process some ions of solution
are attracted and adsorbed toward the surface [2]. The
electrode polarization depends of the ionic conductivity,
physicochemical state of the electrode surface, temperature,
and the sample characteristics [3]. The equivalent electrical
impedance is considered as a sum of electrode polarization
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impedance (Zggr) and impedance of the solution or sample
(Zso)). At lower frequencies, the contribution of an
electrolytic sample has a lower impedance compared to the
interface impedance. The interface impedance introduces an
appreciable value compared to the sample’s impedance and
generally is considered as an error [4].

The contribution of electrode polarization impedance is
reduced using a tetrapolar electrode configuration. Lippman
pioneered this configuration [5] and it has actually since
become the most common employed technique to diminish
the electrode polarization impedance. This reduction in
electrode polarization impedance is only causing a
simplification if the measurement electrodes have the same
material with equal contact area [6,7]. The tetrapolar
technique is often employed in dielectric and impedance
spectroscopy to measure the electrical properties of
biological tissues [8-10] and some chemical compounds
[11]. Several error sources in these measurements result
form the physical and chemical properties of the sample
[12], geometry uncertainty [13], and possible inductive
effects of sample and measurement device [14]. The
interface impedance is wusually significant for input
frequencies below 1 kHz, beyond this frequency the
electrode polarization impedance becomes negligible [4].

Tetrapolar electrode systems have been widely used for
measuring the impedance of tissues because they tend to
remove the effect of electrode impedance, although a
complex sensitivity distribution introduces a large error due
to the sample volume conductor [14]. In this paper, two
tetrapolar shapes were used, the first tetrapolar electrode
geometry uses an adjacent configuration and the second
utilizes an axial concentric. The adjacent tetrapolar
electrode shape was proposed and studied by the
Department of Medical Physics and Clinical Engineering at
the University of Sheffield, and was used to identify
premalignant changes in squamous epithelial tissue of the
cervix [15] and perform virtual biopsies of squamous and
columnar tissue in the esophagus [16]. The axial concentric
electrode system has been used to determine the condition
of a sample of food [17] and to measure physiological
parameters [18].

In skeletal muscles, the anisotropy produces dissimilar
values in orthogonal directions of electrical impedance
spectroscopy measurements due to the intrinsic structure;
the electrical conductivity along the longitudinal direction
of the muscle fibers is higher compared to the transverse
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direction [19]. The hierarchical structure of the muscles
consists of myofibrils grouped in any of four patterns of
organization called fascicles and surround by a connective
network called perimysium. Several fascicules constitute a
muscle and are covered by epimysium. The intramuscular
connective tissue is made up of a combination of
perimysium and endomysium. The perimysium plays an
important role in determining the diameter variability of
connective tissue, often associated with exercise [20].

When an electric sinusoidal field is applied to muscle,
the sarcotubular system presents several reorientation times
of constitutive dipoles. This behavior is dependent on the
frequency and intensity of the electric field applied. As the
frequency of the electric field is increased, the tissue
resistivity diminishes from an initial value held at low
frequencies to another constant level at high frequencies
[19].

The electrical anisotropy of biological tissues depends
on intra- and extracellular spaces, whose heterogeneity can
be characterized by the random spatial dependence of
matter shaping [21]. In the membrane, the electrical
properties depend on the polar lipid group orientation and
the intrinsic free rotation. The influence of electric fields on
membranes is related to membrane thickness and cellular
radius [22].

Generally in dielectric and impedance spectroscopy
measurements, the behavior of electrical anisotropy of
biological tissues, especially in muscles, depends on the
applied current, geometry shape, and inter-electrode
separation [23-25].

Many studies using tetrapolar electrode configurations
do not discuss the presence of electrode polarization
impedance. Some authors even assume that tetrapolar
electrode systems do not have errors due to electrode
polarization [19]. In order to test the electrode polarization
theories, a series of experiments were carried out to
investigate the behavior of two tetrapolar electrode systems,
and we define a new factor called the isopotential interface
factor (IIF) to quantify the contribution of electrode
polarization impedance. Based on this quantification, we
propose that the IIF can be used as an indicator of quality in
electrode systems.

Materials and methods

Probe configurations

The experiments were developed with two tetrapolar
electrode systems built from stainless steel (AISI 304), one
with adjacent shape and other with axial concentric form.
The geometric design of the adjacent probe consist of four
circular electrodes of 12.7 mm in diameter, where each
electrode was placed at a vertex of a square with 25 mm
sides, making the separation between the electrodes 18.44
mm (Figure la). The axial concentric tetrapolar electrode
system has four stainless steel rings with radius of 7.94,
14.26, 22.23 and 31.75 mm and thickness of 1.4 mm
(Figure 1b). For both tetrapolar probe configurations the
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free space was filled with liquid acrylic and given six hours
to dry. Both electrode systems had been polished with
sandpaper (600 ANSI). The final grain size of electrode
surface was approximately 14.5 um.

(b)

Figure 1: Electrode shapes. (a) Adjacent tetrapolar. (b) Axial
concentric tetrapolar. The arrows show the dimension in
millimeters.

Electric Impedance Spectroscopy measurements

The electrodes were connected to an electrochemical
impedance analyzer (Solartron 1260). The current injection
electrodes were between outer (1) and inner (4) ring. The
voltage were sensing in both intermediate electrodes (2 and
3). The following sequence of Solartron terminal
connection was used in both electrodes: electrode 1 was
given Gen output; electrode 2 was given Voltage 1-HI,
electrode 3 was given Voltage I-LO; and electrode 4 was
given Current. In all experiments, 50 Q coaxial cables, 1
meter in length with BNC connectors were used. The
Solartron was connected by USB port to an IBM
compatible computer using a GPIB card from National
Instruments. We applied a sinusoidal constant current of 0.5
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mA in a frequency range between 0.1 Hz and 8§ MHz.
During the measurements, the values were displayed using
ZView and the post-processing analysis was done through
MATLAB®.

Muscle impedance measurements

We selected a muscle of Brahman-Zebu crossed cattle from
a commercial meat processing plant, that was able to cover
the total electrode area. The muscle impedance
measurements were carried out four hours after slaughter in
the Laboratory of Materiales Nanoestructurados y
Funcionales de la Universidad Nacional de Colombia (Sede
Manizales). The room in which the experiments were
conducted was kept a temperature of 20 °C with a relative
humidity of 65 %. The electrodes were supported by
tweezers attached to a vertical bar to avoid errors in
electrical measurements due to unpredictable movements
and dissimilar pressures over the muscle sample.
Measurements of electrical impedance with both tetrapolar
electrode systems were carried out along the transverse and
longitudinal myofibril directions of the samples and
repeated three times. A schematic of the impedance
measurement experiments in muscles is show in Figure 2.

(b)
Figure 2: Schematic measurements in muscle (a) Measurements
along longitudinal direction of fiber axis with both electrode
configurations (b) Measurements in transverse direction with
both electrode configurations.

An index of muscular bidirectional electrical anisotropy
(inherent electrical anisotropy, or IEA) proposed in an
earlier paper [26] and described in equations 1a and 1b, was
used.

HE =\|Z,[ +|2,]" -22,2,|cos 90-a) (1a)

o=abs(6,+06,) (1b)
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In equations la and 1b:

ZL:
ZT:

Electrical impedance along the myofibril axis direction

Electrical impedance along the transverse myofibril
axis direction

6, : Phase angle of electrical impedance along the
longitudinal direction (Z)

07 Phase angle of electrical impedance along the
transverse direction (Zr)

Isopotential interface factor

The complex impedance measure (Z,,,) is considered as the
sum of both complex impedances: solution (Zg,) and
electrode polarization impedance (Zggy).

Z*med = Z*sol + Z*EE[ (2)
Complex impedance is defined by both real and imaginary
components. If only the real part (resistance) is considered,
equation 2 can be rewritten as:

Rmed = Rsul + REEI (3)
Using the resistance definition, the resistance value depends
of sample conductivity and the geometry ratio between the
length (L) and cross-sectional area (4) of the sample as seen
in equation 4.

“

Combining the results of equations 3 and 4 and additionally
considering the conductivity of interface as a contributing
factor (isopotential interface factor, Kzz), equation 5 can be
arrived at:

1 L L
R,y =Ry + Ry = —+ K= )
Sol A
Kz can then be expressed by:
R ~—R
K — "Ymed Sol (6)

The measurements of conductivity in NaCl solutions can be
considered constant for frequencies above 1 kHz. The
variability of impedance observed at frequencies below 1
kHz is due to the electrode polarization impedance
contribution. Now we call the conductivity solution o5, and
substitute it into equation 4 to obtain

1 L
=——=R

7
O-Su/ A ( )

sol
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The isopotential interface factor (Kgg) can then be shown
to vary with applied frequency and sample conductivity:

Rmed (f) — leHz

leHz * O-Sol

KIEE(f ’O-Sol) = 3

where R, (f) is the resistance at one frequency and Ry, is
the resistance of the solution above 1 kHz.

Based on equation 8, this factor is called isopotential
when it has the same value at several frequencies and
conductivities similar to contours. The isopotential interface
factor depends of frequency and conductivity and shows
different electrode polarization impedance behavior for
each electrode shape. The factor intrinsically depends on
the chemical reactions between the sample composite and
physical structure of the electrode.

The isopotential interface factor was found by using
NaCl solutions prepared with bi-distilled water of 5 uS/cm,
the concentrations had the following conductivities: 0.28,
0.60, 2.00, 3.66, 6.83, and 10.0 mS/cm.

We wused a nonlinear equation to relate the
measurements of resistance at 1 kHz and conductivity of
both electrode shapes. The coefficients were fit using the
least squares method. This equation was used to correct the
resistance values of measurements for both tetrapolar
electrode systems along the transverse and longitudinal
myofibril directions:

O.m.: eA[lnR]Z+B[1nR]+C )

Here A, B, and C are constants.
Results

Using a NaCl solution with several concentrations, we
calculated the isopotential interface factor of both electrode
shapes using equation 8. Figure 3a shows the isopotential
interface factor for frequencies below 1 kHz. In this graph,
the higher value of isopotential interface factor in adjacent
electrode shape is Kggz (1Hz, 0.28 mS/cm) = 1.41 and
decreases when the frequency and conductance were
increased. In the figure 3b, the isopotential interface factor
of axial concentric electrode shape was Kgg (1Hz, 0.28
mS/cm) = 0.08. The average of isopotential interface factor
through the entire range of conductivities and frequencies
was 0.23 in adjacent electrode shape and 0.02 in axial
concentric electrode shape.

Equation 9 was used to find the relationships between
conductivity and resistance values measured at 1 kHz by
each electrode shape. The relation for the adjacent electrode
system was fit to equation 10 and the axial concentric
electrode system was described by equation 11.
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Figure 3: Isopotential interface factor for (a) adjacent electrode
system and (b) axial concentric electrode system. A color bar
indicates the magnitude of the isopotential interface factor in
both 3D graphs. The isopotential factor was higher in adjacent
shape compared with axial concentric tetrapolar electrode
system.

The Pearson correlation index was 0.99 by both equations.

o |_e-l.218][InR]2-2.5098[1nR]—4.7067
ed —

m

(10)

2
o d,: e-l.SO‘)S[lnR] - 2.1345[ InR] -5.2642 )

me

Using equations 10 and 11, we found the conductivity of
muscle with interface contribution for the whole frequency
range, after the transverse and longitudinal conductivity
values were adjusted to the real values using each
respective isopotential interface factor. In frequencies
below 1 kHz, the contribution of the interface impedance of
the adjacent electrode system was higher and nonadjusted
curves had more variation (Figure 4a) compared with the
concentric electrode system (Figure 4b).
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Figure 4: Muscle conductivity calculated with both respective
equations. (a) Adjacent electrode, (b) concentric electrode, filled
symbols are conductivity with correction by isopotential interface
factor (A: non adjusted longitudinal conductivity, 0o: non adjusted
transverse conductivity, A: longitudinal conductivity with
correction, m: transverse conductivity with correction).

In the muscle sample studied, the index IEA (equation la)
varied with frequency and electrode geometry, and the
values are plotted in Figure 5. We found IEA values
between 14 and 109 using the adjacent electrode system
and between 9 and 82 in the axial concentric electrode
system. The IEA index of biceps brachii muscle shows a
higher value in the adjacent electrode shape than in the
axial concentric electrode shape. Additionally, in the
adjacent electrode system the full range of the index was
31% greater than for the axial concentric electrode system.
The higher anisotropy was present at lower frequencies
with the variation below 1 kHz being 15 % for the adjacent
electrode shape and 26 % in the axial concentric system
with respect to full range. In frequencies below 1 kHz, the
value of the IEA index presents a decrease and depends on
the applied frequency. A greater diminution of the IEA
index is seen in the adjacent electrode system (85%)
compared with the axial concentric electrode system (74%).
However, after 2 MHz the IEA index increases 58% in the
adjacent and 48% in then axial concentric electrode system.
Using the conductive equation, we correct the IEA index to
the adjacent electrode system.
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Figure 5: Values of IEA index between 0.1 Hz and 8 MHz.  (A:
anisotropy values obtained with axial concentric electrode shape,
O: anisotropy values obtained with adjacent electrode shape).

Based on equation 1b, the IEA angle was calculated and
was seen to behave nonlinearly in both electrode shapes
with four inflection points (Figure 6). For the adjacent
electrode system the lowest value of IEA angle was 5.57° at
0.1 Hz, increased with frequency until 20.8° at 10 Hz,
decreased between 10 Hz and 215 Hz, and increased again
to reach a peak value of 74.22° at 100 kHz. The lowest
value of the IEA angle in the axial concentric electrode
system was 0.06° at 0.2 Hz and the peak value was 62.5° at
65 kHz. For both electrode systems, frequencies above 2
MHz present a new increasing range.
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Figure 6: IEA angle. (A: values obtained with axial concentric
electrode shape, 0: values obtained with adjacent electrode shape).

Discussion

Interface is a general term used to denote the location
where two surface composites are in contact. There exists a
discontinuity in chemical composition, thermodynamic,
physical and electrical properties [27]. In measurements
with electrodes, the electrode polarization impedance is
generally eliminated or minimized due to use of several
materials and geometry shapes. The literature mentions the
advantage of tetrapolar configuration for the reduction of
contribution of electrode electrolyte impedance at lower
frequencies [28]. However, our experiments show an
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interface phenomenon in both tetrapolar geometries; in
frequencies below 1 kHz, the interface impedance was
higher in the adjacent electrode configuration (Figure 2a)
than in the axial concentric electrode configuration.
Theoretically, the behavior of tetrapolar electrode systems
is expected to be unaffected by impedance gradients due to
electrode polarization impedance. The current density of
interface is non-uniform and this non-uniformity depends
on electrode geometry [29].

In measurements of homogenous NaCl solution, the
resistivity solution must be considered constant in
frequencies below 1 MHz [31]. At low frequencies,
whenever a contribution of electrode polarization interface
appears it is associated with electrode geometry, surface
roughness, and the diffusion Plank equation [2]. A possible
explanation of this behavior is described by fractal
geometry and models based on nonlinear equations [30].
The interface phenomenon is not only associated with
microscopic surface topography and the physical nature of
electrodes, it also depends on the chemical composition and
interactions between both the sample and electrode [32].
Feldman et al. [33] explain the electrical polarization on
electrode surface as caused by an external electric field.
This is also related to the oscillation or reorientation of
ionic charges due to electrostatic forces inside the electrode
and bulk, and this process involves the reorganization of
atomic structures of sample on electrode surface [34].

Several techniques to reduce the contribution of
electrode polarization interface are being developed [35].
Four-electrode or tetrapolar probes have been a preferred
configuration due to their ability to compensate for
electrode polarization impedance [36], but this method does
not eliminate totally the interface contribution, particularly
in low frequencies.

In measurements of IEA index [26], the polarization
impedance can produce errors in electrical measurements.
Furthermore, anisotropy values at low frequencies are
influenced by the contribution of this interface polarization.
An adjacent electrode configuration shows a higher value
compared with axial concentric electrode, but using the IIF
corrections in the IEA index calculation for adjacent
electrodes similar values of IEA index in both electrode
systems were obtained. In frequencies above 2 MHz, the
IEA index shows a considerable increase due to the errors
typically associated with high frequency for ordinary
electronic designs [14].

In Figure 6 appear two regions of frequency
dependency in the IAE angle: the first region was
considered in frequency range between 0.1 Hz and 215 Hz
and the second between 215 Hz and 2 MHz. In the adjacent
electrode system the index and angle IEA was higher
compared with the axial concentric electrode system, this
behavior is more evident in low frequencies.
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Conclusion

Isopotential interface factor is a useful valid simplification
to describe the interface effects in electrodes, and allows
accomplishing a quantitative description of the behavior of
the polarization impedance. This description of electrode
polarization impedance can be used as an indicator of
quality in electrodes. With experimental results presented,
the electric anisotropy can be measured using any of two
electrode shapes though dissimilar values will be obtained.
At low frequencies the isopotential interface factor must be
used to calculate the contribution of electrode interface
impedance and correct the IEA index. Due to these myriad
factors, we believe the axial concentric tetrapolar electrode
system is a good choice to measure electric properties of
biological tissues.
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