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Abstract— Even after successful tumor resection, cancer re-
currence remains an important issue for bladder tumors. Intra-
operative tissue differentiation can help for diagnostic purposes
as well as for ensuring that all cancerous cells are completely
removed, therefore, decreasing the risk of recurrence. It has
been shown that the electrical properties of tumors differ from
healthy tissue due to an altered physiology. This work inves-
tigates three sensor configurations to measure the impedance
of tissue. Each relies on a four terminal measurement and has
a distinct electrode arrangement either inline or as a square.
Analytical expressions to calculate the geometry factor of each
sensor based on Laplace’s equation are derived. The results
are verified experimentally and in a finite element simulation.
Furthermore, several measurements on pig bladders, both fresh
and from frozen storage, are carried out with each sensor.

It is shown that the calculated and simulated geometry
factors yield the same results and are suitable and uncom-
plicated methods to determine the geometry factor without an
experimental setup. These methods also allow for sensor opti-
mization by knowing the measured potentials before the actual
fabrication of the sensor. Moreover, conductivity values close to
listed data are obtained for pig bladders, which validates the
sensors. Ultimately, the square electrode configuration turns out
to be a valid option for minimally invasive sensors, which are
necessary for the envisaged application of transurethral bladder
cancer diagnostics and surgery. This arrangement both assures
reliable data and allows for easier miniaturization than the
inline electrode placement.

I. INTRODUCTION

Bladder cancer ranks among the most common cancers for
men over 55 [1], and its long-term treatment is complicated
by the elevated recurrence rate. A study conducted by Witjes
et al. [2] in 2010 showed a recurrence rate of 40 % after
transurethral bladder cancer resection. This is primarily due
to the fact that the entity of tumor cells is not removed,
mainly because the surgeon only has limited visual infor-
mation during surgery. Additionally, with the bladder wall
being rather thin, a generous resection of adjacent tissue is
usually not possible.

Mainly, cancerous tumors differ from healthy tissue in
their abnormal physiology and growth. Affected areas un-
dergo changes in cell size and structure as well as molecular
composition. These altered characteristics allow for differ-
entiation, because they affect the physical properties of the
tissue as a whole such as elasticity parameters or electric
behavior. The latter can be investigated by the method of
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electrical impedance spectroscopy (EIS), which determines
the complex impedance of tissue by applying an alternating
voltage of various frequencies and measuring the resulting
current, or vice versa. Impedance measurements can provide
valuable information when investigating biological tissues
and have so far been successfully used for tumor detection
and tissue differentiation in various organs and applications
[3]–[11].

One possible method to obtain impedance measurements
consists of pushing needle probes into the tissue. This
method delivers especially trustworthy results because it
does not depend heavily on applied force and fluids on the
tissue surface such as blood or non-conductive solutions. The
measurements represent the inside of the tissue at a defined
depth. However, when it comes to tumorous tissue, inserting
into the affected area during in vivo measurements is not an
option due to possible cancerous cell spreading. Noninvasive
impedance sensors that are only held against the suspicious
section and do not penetrate the tissue are necessary, but also
more prone to exterior influences and errors.

Even though much progress has been made in the last
few decades, the EIS measurement setups and methodologies
are often inconsistent and it can happen that not enough
detailed information about the experimental procedure is
available. This results in difficulty when trying to reproduce
or interpret results, especially when only absolute measured
impedances instead of tissue related values are provided.
Indeed, consistent and valid measurements and data post-
processing routines are crucial to allow reproducible tissue
differentiation. The aim of this work is to present different
methods to determine the sensor specific geometry factor
that connects absolute impedance data to material properties.
This helps to establish a methodology to validate impedance
sensors with distinct electrode arrangements and to assess the
variance in impedance measurements for different sensors.

This work is structured as follows. At first, the fabrication
and geometry of the examined sensors is presented. After-
wards, their geometry factors are determined by calculation,

Fig. 1. 3D printed impedance sensor probes.
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simulation, and experimentally. Measurements on stored and
fresh pig bladders are taken to validate the results. A discus-
sion of the outcomes concludes the work.

II. IMPEDANCE MEASUREMENT AND SENSORS

The electrical impedance Z is a frequency-dependent,
complex parameter, which is described by

Z =
u(ω)

i(ω)
= R+ jX, (1)

with Z in Ω, alternating voltage u and current i of frequency
ω as well as resistance R and reactance X .

A major part of consistent impedance measurements is a
suitable sensor. If no specific requirements are demanded,
such as a very small size or use of medically approved
materials, an adequate sensor can be manufactured easily
when considering only certain aspects, namely number of
electrodes and material. A problem of electrode polarization
occurs due to varying mobility of electronic and ionic charge
carriers at the tissue-sensor-interface [12]. This effect can
be mitigated through the use of suitable electrode materials
such as stainless steel, platinum, or gold. It can be further
diminished by implementing a four terminal measurement.
This refers to using separate pairs of electrodes for carrying
the current and measuring the voltage [13].

The impedance sensors in this work are made by 3D-
printing a case of Nylon (PA12) and placing four stainless
steel dowel pins of 1 mm diameter and 12 mm length in
the respective configuration. A total set of three probes
is manufactured that are shown in Figure 1 and whose
geometries are further specified in Figure 2. The first probe
is based on the original linear four terminal measurement
where the electrodes are placed inline on a circular probe
surface of 10 mm diameter. For the two other probes, the
electrodes are placed in a square and differ in their distance
and subsequently the size of the square. Note that, even
though the exterior case still has a diameter of 10 mm, the
effective sensor diameter is reduced to approximately 5 mm
by the diminished spacing. According to the differences
in electrode arrangement (row, square) and distancing, the
sensors are referred to as R10, S10, and S5. After soldering
the electrodes to coaxial cables, the probe tip is filled with
epoxy resin to hold the electrodes in place and make the tip
watertight.
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Fig. 2. Geometry of impedance sensors. Corresponding names from left
to right: R10, S10, S5; based on electrode arrangement and effective outer
diameter.

The Zurich Instruments MFIA Impedance Analyser
(MFIA) with a frequency range from 1 mHz to 5 MHz is
used to measure impedance. It uses a factory set internal

calibration. In the setup, coaxial cables of 1 m length connect
the probes to the MFIA. Each probe uses its own coaxial
cables that are soldered the electrodes to connect to the
MFIA cables. This is done to minimize unshielded portions
of signal wire and maintain easy interchangeability of sensors
for testing.

III. GEOMETRY FACTOR DETERMINATION

When comparing different sensors with altered geometric
properties, the comparison of simply the absolute impedance
values is not an appropriate criterion. More precisely, in a
four terminal measurement setup, the measured voltage does
not only depend on the electrical properties of the tissue
but also on the geometric characteristics of the sensor. This
means that the measured voltage between the measurement
electrodes is umeas(ω) = Zmeasi(ω), with apparent impedance
Zmeas between these electrodes and the injected current
i(ω). Normalizing the impedance to the geometry yields the
impeditivity. Generally speaking, a term such as impedance
depends on both electrical properties of the sample and
the measuring setup and geometry. However, impeditivity
encompasses only material constants, independent of external
factors [13]. This applies for all quantities in the area of
electrical properties, such as conductance, or admittance. The
impedivity z, resistivity ρ, and reactivity x can be calculated
from the apparent impedance Zmeas by a constant k, which
is often called geometry factor or probe constant. It is

z =
Zmeas

k
=
Rmeas

k
+ j

Xmeas

k
= ρ+ jx, (2)

with z, ρ, and x in Ω m, and geometry factor k in m−1.
The adequate determination of this sensor specific constant
k is crucial for correct and reproducible impedance mea-
surements on tissue. In the following, different procedures
to obtain the geometry factor are presented. All resulting
values are compared in Table I and Figure ??.

A. Calculation

When looking at the direct current case, analytical equa-
tions for certain sensor geometries, especially for the usage
of point electrodes, can be derived. According to the real
part of (2), the apparent resistance is linked to the actual
resistivity ρ of the examined object as Rmeas = kρ. By
deriving an expression for Vmeas and using Ohm’s law, i.e.
Vmeas = RmeasI , it is possible to determine the geometry
factor as

k =
Vmeas

ρI
. (3)

Next, consider the general Laplace equation

∇2V = 0, (4)

which states the potential equation for a field free of space
charge [14]. A solution to Laplace’s equation assuming
boundary conditions of an infinite isotropic homogeneous
medium,

V =
Iρ

2πr
, (5)
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Fig. 3. Electrode arrangements and measurement setup inline (left) and as
a rectangle (right).

allows for determining the potential V at any point inside the
medium caused by a small current source I and evaluated at
a distance r from this source [15].
The notation in the following is corresponds with Figure 3.
The current-injecting electrode is referred to as high cur-
rent (HC), the current sink electrode as low current (LC).
Analogously, the potential electrodes are called low potential
(LP) and high potential (HP). Assuming the electrodes as
point sources and sinks, the aim is to find an analytical
expression for the potential Vmeas by evaluating (5) between
the measurement electrodes LP and HP, and infer k according
to (3).

1) Electrodes in a Row: The voltage at the first measure-
ment electrode

VHP =
Iρ

2πd1︸ ︷︷ ︸
from source HC

− Iρ

2π(d2 + d3)︸ ︷︷ ︸
from sink LC

(6)

is composed of the potential driven by the current source in
distance d1 and the current sink in distance d2 + d3. In the
same manner, it is

VLP =
Iρ

2π(d1 + d2)
− Iρ

2πd3
. (7)

The difference between the two results in the measured
voltage

Vmeas = VHP − VLP =
Iρ

2π
(

1

d1
− 1

d1 + d2
+

1

d3
− 1

d2 + d3
),

(8)
which again can be inserted into (3). Finally, the geometry
factor for the sensor geometry in row is given by

krow =
1

2π
(

1

d1
− 1

d1 + d2
+

1

d3
− 1

d2 + d3
). (9)

Assuming a symmetrical probe, or even equidistantly spaced
electrodes with distances di = d such as R10 from Figure 1,
(9) simplifies to

krow =
1

2πd
. (10)

For the sensor R10, it is d = 2 mm and, therefore, kR10,calc =
79.58 m−1. Littwitz demonstrated the same procedure in
1990 [16]; his result however differs by a factor of 2.

2) Electrodes in a Rectangle: When the electrodes are
arranged in a rectangle according to Figure 3, the potentials
at the measurement electrodes are

VHP =
Iρ

2πd1
− Iρ

2π
√
d21 + d22

, (11)

VLP =
Iρ

2π
√
d21 + d22

− Iρ

2πd1
, (12)

and, thus,
Vmeas =

Iρ

π
(

1

d1
− 1√

d21 + d22
). (13)

The geometry factor as in (3) for a sensor with electrodes
placed in a rectangle yields

krect =
1

π
(

1

d1
− 1√

d21 + d22
). (14)

Assuming the electrodes are placed in a square, then d =
d1 = d2 and the geometry factor is simplified to

ksquare =
1

πd
(1− 1√

2
). (15)

For the sensor S10, it is d = 4.6 mm and, consequently,
kS10,calc = 20.27 m−1. With a distance of d = 2.5 mm, the
geometry factor for sensor S5 is kS5,calc = 37.29 m−1.

B. Simulation
For simulation, a material or solution with known isotropic

electrical properties can be used as a dielectric. In this
work, ANSYS Electronics Desktop serves as the simulation
environment. This allows the determination of influencing
factors of the sensor geometries via parametric models. The
Maxwell DC-Conduction solver is used to determine the
voltage during current injection and, hence, the impedance.

1) Setup: The simulation setup was designed such that
it reflects the experimental setup used for validation. The
conductivity of the dielectric is set to 1413 µS cm−1. A
parameter study showed that the lateral expansion has little
influence on the impedance if there is a certain distance
between the electrodes and the edge of the dielectric. It
also showed that no changes in simulated impedance occur
with a thickness of the dielectric beneath the sensor larger
than 10 mm. Thus, the geometry of the simulated dielectric
was chosen to be as closely as possible to the experimental
setup as a cylinder with diameter 100 mm and 15 mm height.
Isolating boundary conditions at the bottom and sides of the
cylinder are used and the simulated electrodes (stainless steel
dowel pins) are placed in air against the dielectric cylinder.
Perfect contact is assumed.

2) Simulation Results: A current of 100 µA is applied
to one current-carrying electrode and discharged via the
second. The measuring electrodes are assumed to be floating,
since the voltage is to be tapped at these with a very high
impedance. As expected, the simulation shows a change
in resulting resistance and thus in the geometry factor for
the different sensors. The more cross-sectional area avail-
able between the electrodes, the lower the resistance. Most
importantly, the spacing of the electrodes is critical to the
probe’s geometry factor. The simulation results in kR10,sim =
80.95 m−1, kS10,sim = 20.66 m−1, and kS5,sim = 37.78 m−1.
Furthermore, by evaluating the simulation, it is possible to
determine not only the geometry factor but also how deep
currents penetrate into the tissue and which current densities
are reached. The simulated current densities are depicted in
Figure 4.
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Fig. 4. The current density at the surface of a dielectric of σ = 1413 µS cm−1 with R10 (left), S5 (middle) and S10 (right). In this case 100 µA
are applied with isolating boundary condition on bottom and walls of the solution. The contours show the current density in a logarithmic scale from
0.01Am−2 to 100Am−2 and the surface is of size 10mm× 10mm, covering the physical sensor contact surface.

C. Experimental Determination

Experimentally, it is common to use a solution with known
conductivity for calibration. The conductivity

σ =
1

ρ
, (16)

is the inverse of resistivity and is measured in S m−1. The
link to resistance and impedance is established as shown
in (2). Hence, when measuring the calibration solution with
known conductivity σ, the geometry factor k is obtained from
the measured resistance Rmeas by

kexp = Rmeasσ. (17)

In the presented experiment, the impedance of a commercial
calibration solution with conductivity σKCl = 1413 µS cm−1

at 25 °C was measured with each sensor. It was filled 15 mm
high into a round beaker with 100 mm diameter. Such
solutions do not exhibit major dispersion for frequencies
below the MHz range [17]. The relatively constant resistance
for frequencies between 1 kHz and 10 kHz is shown in Fig-
ure 5 and averaged in order to determine a mean resistance
Rm. With this value, it is possible to obtain the geometry
factors according to (17), resulting in kR10,exp = 73.63 m−1,
kS10,exp = 23.17 m−1, and kS5,exp = 33.17 m−1.
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Fig. 5. Resistance measurement of conductivity calibration solution.
R10: S10: S5:

Fig. 6. Experimental setup: Impedance sensor probes mounted onto a
testbench with linear actuator and force sensor, allowing to control and
monitor sensor-tissue contact force.

IV. MEASUREMENTS ON PIG BLADDERS

Measurements on pig bladders are carried out in order to
validate the sensors. The bladders are taken from fresh pig
cadavers provided by the Urology Clinic, Tübingen, Ger-
many. One portion was directly used to take measurements,
and the other portion was put to frozen storage for several
days.

The force with which the probe is pressed onto tissue
cannot be easily controlled in a surgical setup. However, it
is important to quantify its impact in order to understand

TABLE I
OVERVIEW OF CALCULATED, SIMULATED AND EXPERIMENTALLY

DETERMINED GEOMETRY FACTORS IN m−1

Sensor Calculation Simulation Experiment

R10 79.58 80.95 73.63
S10 20.27 20.66 23.17
S5 37.29 37.78 33.17
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Fig. 7. Averaged measurement for each sensor. The characteristic frequencies fc (×) are determined by the minimum of the imaginary part. R10:
S10: S5:

differences in the measured impedance when the force is not
controlled. The sensors have a casing that can be mounted
onto a test bench as depicted in Figure 6. A linear actuator
and a force transducer are placed above that are connected
with a Raspberry Pi Model 3B. Beneath the setup, the
tissue is placed on an piece of silicone in order to imitate
mechanical properties of underlying tissue and organs. All
of the following measurements are carried out at a controlled
contact force of 1 N to ensure good electrical contact.

Due to the different geometries of the sensors, the absolute
impedance values differ approximately by the same factor as
the geometry factors. Several measurements on two defrosted
pig bladders are carried out and averaged for each sensor
geometry. The Bode plot and the values of real and imaginary
part are depicted in Figure 7. Due to the high amount of
measurement points and the broad frequency spectrum, only
the interpolation is plotted. Intuition leads to an expected
difference in the magnitude and absolute values. However,
likewise the dispersions occur at different frequencies fc. In
other words, the absolute value of the imaginary part peaks
while the magnitude and phase start decreasing. In a Nyquist
plot, this corresponds to the top of the circular arc. The
characteristic time constant of the tissue is calculated by

τ =
1

2πfc
(18)

from this critical frequency fc. These values are listed in
Table II.

Additional measurements are taken using fresh pig blad-
ders, only a few hours after excision. The difference in the
measured conductivity between fresh and defrosted tissues is
depicted in Figure 8. According to [18], the conductivity of
the human urinary bladder wall varies between 0.23 S m−1

and 0.26 S m−1 in the given frequency domain. With the
assumption that human and pig bladder tissue does not

differ significantly, this confirms that the measurements are
valid. Moreover, increased conductivity, corresponding to
diminished resistivity, is perceived after defrosting the tissue.
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Fig. 8. Averaged measurements with sensor R10 on freshly excised and
defrosted pig bladders. Defrosted: Fresh:

V. DISCUSSION

The geometry factors obtained by calculation with (10)
and (15) and the ones determined in simulation are in
agreement with one another, resulting in effectively the same
values. The slight discrepancy might lie in the fact that the
calculation ignores the electrode surfaces, assuming point
current sources and sinks, and point voltage measurements.

TABLE II
CHARACTERISTIC VALUES OF DIFFERENT SENSORS

Sensor critical frequency fc time constant τ

R10 3.14MHz 51ns
S10 1.80MHz 88ns
S5 1.36MHz 117ns
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The smaller k obtained with the calculation indicates less
resistance between the voltage electrodes because the resis-
tance of the point electrodes is negligible in comparison to
actual planar electrodes with a surface of Ael = 0.79 mm2.
This could also be one of the reasons why the experimentally
derived factors differ from the numerical results. The exper-
imentally determined parameter kexp is about 10 % smaller
for the sensors R10 and S5 but for S10 it is 12 % larger,
deviating from the theoretical values. This can be linked
to uncertainty in the solution mixture, general human error
during measuring and unknown or not monitored effects such
as temperature changes or tremor. It is deemed reasonable to
use calculated or simulated geometry factors for future work.
However, one should keep in mind that the presented model
does not represent possible effects due to the connections
after the electrodes and surface contact conditions.

Another important insight concerns the arrangement of the
electrodes. It is apparent that, even though the inline layout
is the suggested geometry in literature for four terminal
measurements, the impedance data obtained with electrodes
with a square arrangement is also valid. The absolute values
are smaller, but, after normalization, result in comparable
material specific values.

VI. CONCLUSION AND FUTURE WORK

Three different methods to determine the geometry fac-
tor of tetrapolar impedance sensors were presented. The
calculation via Laplace’s equation, assuming point current
sources and sinks yields the same results as the FEM setup.
The experimentally determined values differ but lie within
a reasonable range. Furthermore, a measurement setup for
tissue differentiation based on EIS was established, including
the manufacturing of measurement probes with different
sensor geometries. The sensors were tested on both defrosted
and fresh pig bladders and yielded conductivity values in the
expected range.

It is now crucial to transfer the sensor principle to smaller
geometries that are suitable for the special case of bladder
cancer and transurethral diagnostics. The square arrangement
is more advantageous for space saving implementations
because it can be made smaller in diameter with the same
electrode surface. Another potential means of diminishing
the area further is by shrinking the voltage measuring
electrodes while enlarging the current injecting electrodes to
help maintain the current density. Overall, the simulation is
an especially convenient tool since it facilitates the geometry
factor determination before the actual production. Hence,
it allows an investigation and possible optimization before
the fabrication and allow to determine the geometry factor
for more complicated electrodes such as ring electrodes.
Due to the enormous computational effort involved, it is
currently not feasible to perform a numerical simulation
model of an EIS test setup at tissue cell level. The aspect
ratio between the cell membrane, which is on the order of
a few nanometers, and the distance between the electrodes,
which is a few millimeters, is too large for simulations to
be practical. However, the homogeneous material could be

exchanged in simulation with a simplified layered model of
the tissue and also compared with experimental data.
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