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A Development Of Electrode Probes For Imaging Precancerous Lesions
With Electrical Impedance Tomography Technique: A Phantom Study
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Cervical abnormality screening can reduce the risk of getting cancer. Screening methods mostly depend on
laboratory investigation which requires equipment, time, and pathologist experience. Electrical bioimpedance
has been reported that can be used to identify the presence of cervical intraepithelial neoplasia (CIN) since the
conductivity of CIN could be 4-5 times higher than that of normal tissue. In this study, an electrode probe having
8 round electrodes is developed with 1.5 mm-electrode distance. Tissue conductivity can be directly estimated
with the probe based on the four-point measurement method, and the image of conductivity distribution can be
reconstructed at the same time. The simulation result showed that when tissue thickness was thicker than 4 mm,
the commonly-used formula for estimating conductivity is applicable regardless of the electrode shape, but a
correction factor was needed with a value up to 1.2 when the thickness was down to 1 mm. The localization
performance of the reconstruction images was investigated in a phantom experiment – on a piece of sausage
with a burning spot on the surface. Five current excitations were performed from 2 kHz to 125 kHz. The
burning surface could be located with a localization error of 0.23 mm with a frequency higher than 2 kHz.
However, artifacts were still observable in the images at the boundary region of the electrode array. Thus,
increasing the number of electrodes and increasing the probe tip area or decreasing the electrode diameter are
still recommended.
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1. Introduction

Cervical cancer is one leading cause of death in women
around the world, and about 90% of cases in 2020 occurred
in low– and middle-income countries due to limited access
to treatment and public health factors [1]. Regular pre-
cancerous cervical screening can reduce the risk of death
through early treatment before abnormal tissues progress
to cervical cancer. Precancerous cells are classified accord-
ing to the stage of abnormality development in epithelial
which is called Cervical Intraepithelial Neoplasia (CIN),
grading into 3 stages i.e. CIN1-3 where CIN3 is the most

severe case. Several screening methods have been com-
monly used to screen and identify the stage of CIN e.g. Pap
(Papanicolaou) smear test, liquid-based cytology, pelvic ex-
amination, and colposcopy [2, 3]. The Pap smear test is the
most popular method in pathological laboratories which
uses a spatula to obtain tissue samples from the cervix. The
samples are smeared on a slide and the slide will be im-
mersed in 95% ethanol next, and finally, the samples on the
slide will be investigated by a microscope. This method
is cheap and simple but it has a low sensitivity of about
47.4-51% [3]. Liquid-based cytology (LBC) is an improve-
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ment of the Pap smear method proceeded by collecting the
tissue samples with a spatula and then putting them into a
methanol-based solution. The samples in the solution are
prepared to avoid contamination and make cell suspension
with an automated machine to produce a thin layer of cells
on a slide for microscope investigation. The method can
improve the accuracy by 56.6-89.5% [3] however the cost
is higher than that of the Pap smear method. The pelvic
examination is based on a physical investigation by insert-
ing two gloved fingers inside the vagina while pressing
down on the abdomen. In the case of colposcopy, the ex-
amination proceeds on the image of the cervix obtained
from a colposcope. Apart from these screening methods,
Loop Electrosurgical Excision Procedure (LEEP) is another
method to verify the presence of CIN or cancer. LEEP is
required to biopsy tissue in a woman’s lower genital tract
with an electric wire loop. Therefore, LEEP is only needed
when the screening result shows suspicious or when the
treatment plan is undergoing or is determining. The speci-
men will be investigated by pathologists through the pro-
cess of clinical diagnosis by cutting it into thin pieces and
being entered into the process of making a slide for micro-
scope investigation. The LEEP method unavoidably causes
pain and requires about 6 weeks to recover. Overall, all
commonly used methods require exhaustive processing
time, are relevant with many diagnostics and laboratory
equipment, and require experience to obtain the result.

Electrical impedance measurement is another potential
method that can screen normal cervical tissues from abnor-
mal tissues [4]. Cell abnormal development on epithelium
causes cell enlargement with variation in size and shape
resulting in less cell density and change in the electrical
property of the cell. The electrical conductivity, at the mea-
surement frequency of 4.8k-614kHz, of the normal cervical
tissue was reported at 0.05 S/m but it was 0.19, and 0.26
S/m in the case of CIN1 and CIN2/3, respectively [5, 6]
- the abnormality caused higher conductivity by 5 times.
This conductivity itself also depends on the frequency used
- the conductivity is higher when the measurement fre-
quency increases. For example, when the frequency was
changed from 1 kHz to 1 MHz, the conductivity increased
by 16 times for the normal tissues and by 4 times for the
CIN3 tissue [5]. To measure the conductivity, the measuring
apparatus could be in a form of an electrode plate [4, 7] or a
probe [5, 6, 8, 9] where a planar electrode array is installed.
The electrode plate could be in a form of a well on a planar
electrode plate [4] that suits for measuring smear samples,
or in a form of a single electrode array plate that suits for
measuring the whole piece of LEEP specimen [7]. [5, 6]
proposed a 4-electrode probe with 5.5 mm in diameter and

1.65 mm radius of electrode layout. Due to its small diame-
ter, the probe was capable to be used in vivo to determine
the presence of CIN by measuring the bioimpedance at 8
locations near the endocervical canal and the squamous
epithelial surface. [10] proposed a 16-electrode circular
layout of 5 mm in radius while [8] proposed a 9-electrode
layout of ∼2.83 mm in radius, which all of them have a
larger probe tip than [5, 6]. [9] proposed a 7-electrode cir-
cular layout of 1.5 mm in radius. which is smaller than [5,
6]. Both [8] and [9] are based on simulation though. They
were designed to work with specimens, but they have a
high potential to be used in vivo. It is worth noting that,
regarding the electrode arrangement, none of them was
designed for direct measuring the conductivity with the
4-point measurement technique [11, 12]. To support the
4-point measurement technique, at least 4 electrodes have
to be arranged in a straight line with an equal distance of
separation. To obtain the precise conductivity value with
a probe, further improvement of the reported electrode
layouts is necessary.

The 4-point measurement method has the advantage to
reduce the effect of contact impedance which is most com-
monly used [11]. The measurement could be conducted
on a tank (with 4 electrode plates inside) or on the surface
of tissues. Tissue thickness and electrode separation dis-
tance are directly involved in the conductivity estimation.
The electrodes are also expected to have a pointed needle
tip. However, for physiological measurement, it is difficult
to use pointed needle electrodes. [5–10] proposed to use
round electrodes where the size was only 0.9-1 mm in diam-
eter, and the distance between electrodes was much smaller
than the electrode diameter [5, 6, 10] or about the diame-
ter [7, 9]. Since the shape of these electrodes was round,
not pointed, this could introduce a certain value of mea-
surement error because of the significantly large electrode
diameter compared to the electrode distance. Furthermore,
it could be more complicated with different tissue thick-
nesses or inhomogeneity.

Imaging conductivity distribution of tissue with the
Electrical Impedance Tomography (EIT) technique is an
advanced method to use bioimpedance measured from
several regions and a variety of measurement patterns. A
number of bioimpedance data in conjunction with a mathe-
matic model of tissue are used to reconstruct the image that
can be used to address the location of the abnormality. EIT
has been used in many medical applications for example
lung function monitoring [13] or hemorrhagic stroke mon-
itoring [14]. EIT has the potential to image the biological
inhomogeneity of cervixes due to CIN or cancer by a probe.
[8, 9] simulated situations where CIN1 or CIN2/3 present
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in a circular shape with 1-2 mm in diameter. The larger
probe size and more number of electrodes were studied
presenting in [8], and the successful localization was found
with a localization error of only 0.92 mm. [9] attempted to
reduce the probe size (by 56%), which is easier for using to
measure in vivo, by decreasing the number of electrodes
from 9 to 7. This decrement resulted in an increment of
localization error to 1.7 mm (∼2 times increase compared
to [9]).

In this study, an improved version of the 7-electrode
probe as mentioned in [9] is developed. An electrode was
added for conductivity measurement purposes. Apart from
9 opposite patterns used in [9] that were also used in this
study, 9 current adjacent patterns were added for improv-
ing the sensitivity of conductivity change. The probe, there-
fore, consists of 8 round electrodes (excluding the ground
electrode) fitting in a 15 mm probe tip where 7 of them
were arranged in a similar layout to [9] used for the imag-
ing purpose and 1 of them was added and was used with
the other electrodes for measuring the tissue conductiv-
ity (with the 4-point measurement method) purpose. The
probe was investigated with a phantom experiment on 5
frequencies of current excitation. Image reconstruction was
conducted to address the abnormality as well as the lo-
calization performance was evaluated. The influence of
using non-needle electrodes to estimate conductivity was
investigated as well.

2. Experimental setup

2.1. EIT machine

The measurement was conducted on an EIT machine de-
veloped by ourselves, named “Clementine EIT” (Figure
1). The machine was capable to measure 32 channels, fully
parallel, with a signal-to-noise ratio (SNR) over 90dB. The
recording speed was 20 frame-per-second, while fixed 5
frequencies of excitation current at 2k, 10k, 25k, 50k, and
125kHz with amplitude of 50, 200, 400, 400, and 400 µArms,
respectively, were injected at a frame period, yielding 100
measurement sets (all frequencies) per second.

2.2. Planar electrode probe and electrode configuration

A planar electrode probe to use with the Clementine EIT
was developed in this study to be appropriated for cervix
application (Figure 2). The probe was circular with 8 round
electrodes plus 1 ground electrode. The diameter of the
electrodes was 0.9 mm in diameter. The electrode distance
was 1.5 mm equally, resulting in 3 mm of the outer electrode
ring diameter. The electrodes were installed in a 15 mm-
diameter Teflon rod. The rod was stuck with the handle
by framing them with polyethylene terephthalate glycol

Fig. 1. The Clementine EIT.

(PETG) material. The position of the 1st electrode to the
7th electrode was consistent with [9]. The 8th electrode
was in line with the 1st , the 7th , and the 4th electrode to
measure the tissue conductivity regarding the 4− point
measurement method.

For the reconstruction purpose, the excitation pattern
was the mix of the opposite and the adjacent drive con-
figuration (Figure 3a) resulting in 18 driving patterns in
total. Nine patterns are in the opposite manner, which are
according to [9], and the other 9 patterns are in the adja-
cent manner. The voltage measurement was based on the
adjacent measurement (Figure 3b). The driving electrodes
were not used for voltage measurement. Then this config-
uration yielded 108 composite measurements at a frame.
For the conductivity measurement purpose, an extra mea-
surement was added by driving the current from the 1st to
the 8th electrode and by measuring the voltage from the
7th and the 4th electrode (Figure 3c ). This measurement is
according to the 4-point measurement method.

2.3. Phantom experiment

An axial-cut-chicken sausage with 19 mm in diameter and
5 mm in height was used as the phantom in this study. The
sausage was kept in a sealed bag in a refrigerator and left
outside with the bag at 25 0C room temperature for 30 min-
utes before the experiment onset. The EIT measurement
was performed by attaching the electrode to the surface of
the sausage, at the center, and recorded for 30 seconds. The
probe was held in position with a grip holder attached to
rods and a stand. The first 0.5 seconds of the record was
ignored, resulting in 590 records per frequency. The whole
records were averaged to reduce the influence of noise.

The inhomogeneity of the sausage was created by burn-
ing the sausage surface with a soldering iron. The tip size
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Fig. 2. Electrode probe and its layout.

(a) (b) (c)

Fig. 3. (a) The current patterns for the reconstruction purpose: the full lines are the opposite patterns and the dash lines are
the adjacent patterns, (b) the voltage measurement patterns (the dashed lines) for the reconstruction purpose, and (c) the

extra-measurement for the conductivity measurement pattern (the full line is the current pathway and the dashed line is the
measurement pair).

was 1.5 mm in diameter. The iron tip was first cleaned
with new brass wool and isopropyl alcohol. The soldering
iron was set at 380 0C and then the tip was gently pressed
to the surface for 5 seconds. Burning caused the surface
to change color but still soft, and the burning shape was
circular with ∼2 mm in diameter. The surface was cleaned
with a brush damped with 0.9% saline, and the measure-
ment was performed again with the same procedure. The
burning surface was expected to be seen in the reconstruc-
tion image. To verify the result, the burning surface was
situated in different positions of the probe layout. There
was only one burning marker on the sausage surface. The
probe was moved into 3 positions as shown in Figure 4
and measured on the same piece of the burned sausage.
It is worth noting that the center position case (Figure 4b)
was not well aligned with the position of the 7th electrode
because it is difficult to manipulate due to the small size of
the probe.

2.4. Conductivity estimation and image reconstruction

The investigation is divided into 2 parts: tissue conductiv-
ity estimation and image reconstruction for the burning
surface. For the first part, a method to estimate the tissue
conductivity in the condition that the electrode shape was
round, not pointed, and the electrode diameter was con-
siderably large compared to the electrode distance was de-
veloped. For the second part, the image of inhomogeneity
due to burning the surface was reconstructed using mea-
surement data obtained from the developed probe. The
conductivity estimation part is involved with the forward
computation, while the reconstruction part is involved with
both the forward and the inverse computation. Both parts
required a mathematical model(s) consistent with the ex-
periment condition.

Twenty-one finite element models were created having a
square top surface geometry of 10 mm and 10 mm. The ge-
ometry of seven 0.9 mm-diameter electrodes was included
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(a) Left (b) Center (c) Right

Fig. 4. The 3 positions of burned surface regarding the position of the probe in the phantom experiment.

in the first model for reconstructing the burned surface
purpose (Figure 5a). The thickness of this model was 5 mm
and the number of elements was 30,088. The rest 20 models
included the geometry of all eight electrodes for estimating
the conductivity. Ten of them used 0.9 mm in electrode
diameter, and the others used 0.5 mm instead. The thick-
ness was varied from 1 mm to 10 mm (1 mm in step). The
number of elements of these 20 models was between 9,564
to 54,211 (Figure 5b). For all models, the distance of the
electrodes to the center electrode (the 7th electrode) was
1.5 mm, and the distance between the 8th electrode to the
4th electrode was also 1.5 mm. Note that, for ease of visual
inspection, the geometry of the ground electrode was not
included in the models, but the ground electrode was as-
signed as a pointed electrode at 1.5 mm distance from the
1st electrode (Figure 3c). The model geometries which were
in a box shape were different from the true geometry of the
sausage which was in a cylinder shape since the probe tip
area was significantly small compared to the top surface
area of the sausage. This mismatch geometry has a small
impact on the accuracy of mathematical computation due
to the very small current density flows outside the elec-
trode boundary. The current amplitude for the case of the
conductivity estimation was set to 1 mArms.

In the case of the conductivity estimation, the conduc-
tivity of the tissue was set at 0.1, 0.5, 1.0, 1.5, and 2.0 S/m.
The simulated tissue was assumed to be put on the non-
conductive material. The modified formula for conductiv-
ity estimation as in [11] was proposed in (1) where σ is
the estimated tissue conductivity, t is the thickness of the
tissue, s is the electrode distance (equally separated), V is
the measurement voltage, and I is the applied current am-
plitude. The correction factor F(t), which is a function of t,
was added in a similar manner to [12] (since the electrode
distance was fixed in this study, the influence of s was not
determined here). The correction factor aims to compensate
for the change of current density flow manner when the
shape of the electrodes is not in a pointed shape. The factor
values in regarding different conductivities, thicknesses,

and electrode diameters were investigated.
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In the case of image reconstruction for addressing the

burned surface, the conductivity of the sausage was first
determined by using (1) with the discover factor value of
F(t) at 5 mm thickness and 0.9 mm-diameter of electrodes.
The voltage measurement data obtained before and after
burning were used, and each of them was averaged over
29.5 seconds of the measurement (the records of the first 0.5
seconds were discarded). The single-step Singular Value
Decomposition (SVD) method was used for reconstruction
with the regularization parameter (λ) of 1 × 10−4 with (2)
and (3), where σ̂ is the estimated conductivity distribution,
∆σ̂ is the different conductivity distribution, U is the model
function, Id is the identity matrix, and J is the Jacobian (sen-
sitivity) matrix. The forward computation was carried out
by EIDORS software (http://eidors3d.sourceforge.net/),
and the inverse computation was based on the codes devel-
oped by the authors.

σ̂ = arg min
σ

{
∥V − U(σ)∥2

}
(2)

∆σ̂ =
(

JT J + λId

)−1
JT(V − U(σ)) (3)

3. Result

3.1. Conductivity estimation

The values of the correction factor F(t) appeared in (1)
regarding different tissue conductivities and thicknesses
are shown in Figure 6. When the electrode diameter was
0.9 mm (that is the size used in the developed probe), the
factor values decreased from 1.17 at 1 mm-thickness to
0.97 at 10 mm-thickness (20% change) (Figure 6a). The
conductivity values had only a slight impact on the factor.
When the thickness was ∼5 mm, the estimated value was
about identical to the formula reported in [11], i.e. the
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(a)

(b)

Fig. 5. (a) Reconstruction model used for reconstructing
and (b) an example of the models used for estimating the

conductivity.

factor was 0.99. The factor was about unchanged when
the thickness was thicker than 6 mm. It is interesting that
the decrease in electrode diameter, to be much closer to
the point shape, was not significantly different from the 0.9
mm-diameter cases (Figure 6b). The change of the factor
was only 0.2 or only 2% smaller.

Since the thickness of the sausage used in this study
was 5 mm, the factor is therefore about 1 (i.e. the estimated
conductivity value computed by (1) will be about the same
when using the formula reported in [11] which is the com-
monly used one). The measurement data over 29.5 seconds
(discarded the first 0.5 seconds) were average and were
used to compute the conductivity with the equation (1).
The average conductivities are illustrated in Table 1. At the
higher frequency, the conductivity was higher. For exam-
ple, the conductivity at 125 kHz was higher than that of 2
kHz by 14%.

(a)

(b)

Fig. 6. Correction factor over different tissue thicknesses
and conductivities of (a) 0.9 mm in electrode diameter (the
same size as the electrodes used in the developed probe)

and (b) 0.5 mm in electrode diameter.

Table 1. The conductivity of a 5 mm-thickness sausage
using the correction factor.

Frequency(kHz) Estimated Sausage Conductivity (S/m)
2 1.077

10 1.125
25 1.159
50 1.190
125 1.223

3.2. Image reconstruction

To reconstruct the image of the burning surface, the
model and the estimated conductivity were verified
with the measured voltage obtained from the probe
first. An example of averaged measurement voltages
at 50kHz excitation and the estimated voltages is illus-
trated in Figure 7. The norms of measurement error
were 9(60%), 18(31%), 35(31%), 32(29%), 33(31%) µVrms

for 2k, 10k, 25k, 50k, and 125kHz, respectively.
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Fig. 7. Comparison between the measurement voltage at
50 kHz excitation (Vmeas) and the estimation voltage

computed from the model (Vpred).
[h]

The reconstruction images are shown in Figure 8. Over-
all, the negative conductivity changes due to burning with
the heat on the surface at the left, the center, and the right
side can be visualized for almost frequencies. Only the
image in the case of burning at the left side and at 2 kHz
excitation shows mislocalization. Artifacts as in the posi-
tive change can be seen beside the negative change (on the
top and the upper region). The amplitude of the change at
the 2 kHz case was the smallest i.e. ∼1.5 mS/m. The am-
plitude at the frequency over 25 kHz was about the same
i.e.∼50 mS/m. The localization error of each case is shown
in Table 2. Generally, no significant difference among the
frequencies over 2 kHz. The average error was 0.17 mm for
the frequencies over 2 kHz, but it was 0.82 mm for the 2
kHz cases.

Table 2. The localization error.

Frequency (kHz)
Localization error (mm)
Left Center Right

2 1.5827 0.5692 0.2935
10 0.1337 0.2285 0.1337
25 0.1337 0.2285 0.1337
50 0.1337 0.2285 0.1337

125 0.1337 0.2285 0.1337

4. Discussions

4.1. Influence of electrode shape on the 4-point measure-
ment method

The 4-point method is a common method to estimate the
conductivity of tissue, however, principally it is based on
the use of pointed electrodes [11, 12]. In this study, the situ-
ation where the electrodes were round and considerately
large compared to the electrode distance was investigated.
The electrode probe was improved to be able to measure
the conductivity while the voltage data were collected for

reconstruction. Surprisingly when the thickness of tissue
was thicker than ∼4 mm, the round shape (with a diameter
of 0.5 mm and 0.9 mm) of electrodes had only a slight dif-
ference to what is calculated from the common use formula
i.e. [11], regardless of the conductivity values. However,
when the thickness was thinner, this could impact up to
20% of the estimated value without factor. The correction
values presented in this study then can help in this situa-
tion. This observation is in a similar manner to [12] where
the correction factor could reduce by 10% when the thick-
ness was reduced to 1 mm. This could indicate that the
thin thickness has more influence to the estimation when
the round electrode was used.

4.2. Boundary voltage estimation accuracy

The experimental result showed that the estimated voltage
data based on a box-shape model and the estimated con-
ductivity were consistent with the measured voltage data.
However since the electrode distance was considerately
small i.e. 1.5 mm, the voltage magnitude was then reflected
as very small. The magnitude norm of the measurement
voltage at the 2 kHz cases was only 16 µVrms, while it was
110 µVrms at the 125kHz cases. The system is then easy
to be contaminated with noise during measurement and
the quantization error of the analog-todigital process has
also a large impact on measurement accuracy. In the 2 kHz
cases, the norm estimation error was a mere 9 µVrms, but it
was 60 % in error. This is because the current amplitudes
used in this study were very small i.e. 50, 200, 400, 400,
and 400 µArms, at 2k, 10k, 25k, 50k, and 125 kHz, respec-
tively. Therefore, to improve the system, these amplitudes
are recommended to be increased to reduce the noise and
the quantization error. However, the sensitive region on
measured tissues may be a larger resulting complication to
reconstruct the change at the surface region. For example,
the change in the deeper region may cause artifact at the
surface region and then makes it difficult to interpret the
image.

4.3. Reconstruction performance and localization accu-
racy

The reconstruction images based on the developed probe
showed satisfactory to localize the burning region with a
localization error of less than 0.17 mm at frequencies higher
than 2 kHz and than 0.82 at the 2 kHz. The burning region
was shown with negative conductivity change which is
rational since the burning caused the loss of water content
[15]. The localization of the 2 kHz cases was poorer due
to the higher noise ratio and quantization error which is
rooted in the use of a very small excitation of 50 µArms.
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Fig. 8. The reconstruction images of burning on a sausage surface.
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Since the highest current amplitude used in this study was
400 µArms which still be considerately small, the artifact is
then observable in all images (but it is particularly larger
for the 50 µArms case).

Considering the area of the electrode tip i.e. 11.94 mm2

and the total area of electrode contacts i.e. 4.45 mm2, the
area of the electrode contacts is in a large ratio i.e. 37%
of the electrode tip area. Since the conductivity change
beneath the electrode contact cannot be reconstructed, this
results in a remaining small area to detect the conductiv-
ity change. Decreasing the electrode size or increasing the
tip size is then advisable to improve the imaging perfor-
mance. Furthermore, the artifact usually tends to be at the
boundary of the image (where the sensitivity is low). To ex-
clude the boundary region from an account, the tip region
is then recommended to be increased for avoiding the use
of information at the image boundary for interpreting.

The number of electrodes used in the probe is possibly
another concern regarding the quality of images. Even
though the 7-electrode configuration used in this study
yields sufficient image quality, the number of used elec-
trodes limits the number of measurements to only 108
measurements. To obtain more measurement data, using
a higher number of electrodes could improve the perfor-
mance as well. However, this will result in a larger tip
which will be harder to be used to measure in vivo.

5. Conclusion

In this study, an electrode probe supporting conductiv-
ity measurement with the 4-point measurement method
and enabling conductivity distribution reconstruction is
purposed. The probe tip was designed to be small for
investigating cervixes in vivo. The number of electrodes
was 7 plus an extra electrode: 7 of them were used for im-
age reconstruction and the extra one was used with the
others for measuring the conductivity – all were round
electrodes. The electrode distance was 1.5 mm. Five cur-
rent excitation frequencies were used. Correction factor
towards the common-used formula for conductivity esti-
mation in the situation using round electrodes was studied,
and the localization performance of reconstruction images
was investigated.

When round electrodes were used to measure the con-
ductivity on the tissue surface, the correction factor had
almost no need if the tissue thickness was thicker than 4
mm regardless of the electrode diameters or the tissue con-
ductivity. The factor could be up to 1.2 when the thickness
was down to 1 mm. The mathematical model based on the
estimated conductivity showed precise voltage estimation.
However, the small voltage amplitude due to the small

electrode distance and the use of small excitation current
amplitude resulted in higher susceptibility to noise and
quantization error. According to the phantom experiment
result, the measurement data obtained from the probe can
still be used to reconstruct the conductivity change on a
sausage surface with a localization error of less than 0.17
mm. Artifact, however, appeared on the boundary. There-
fore, increasing the excitation current amplitude, increasing
the number of electrodes, increasing the electrode tip area,
or reducing the electrode diameter are recommended here.
These findings would be beneficial for probe improvement
in the future. Experimenting on cervical specimens is also
necessary to validate the performance of the probe as well.
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