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Abstract—Impedance measurements collected using bipolar
electrode configurations represent both tissue/electrode interface
impedance and the impedance of tissues between electrodes.
To evaluate how localized electrode/tissue interface conditions
can impact measurements and their interpretation, electrical
impedance of banana pulp samples with varying conditions of
decaying tissue and electrode configurations were collected and
compared. Changes in tissue impedance (represented as changes
in the Cole-impedance model parameters) confirm that pulp
samples with higher quantities of decaying tissue have lower
resistance and higher peak frequency. Results support that while
measurements are influenced by the localized electrode/tissue
interface they are not dominated by them.

I. INTRODUCTION

One method that is being investigated for to support the
characterization of food quality is electrical impedance spec-
troscopy (EIS). This technique quantifies a material’s ability
to dissipate and store electric charge [1], which each property
captured by the resistance and reactance of the material.
The measured electrical impedance of a material or tissue
is dependent on factors including the type of tissue, cellular
fluid, cell membranes, and cell interconnections. Therefore,
these measurements be provide a non-destructive method to
characterize the quality of fruits, vegetables, and other food
products. Previous research has investigated EIS to monitor the
ripeness of banana tissues [2], [3], assess cell damage during
freezing and thawing of pork products [4], assess the freshness
of beef [5], and quantify adulteration in peanut oils [6].

Typically studies measure the electrical impedance of sam-
ples over a range of frequencies (from Hz to kHz or MHz)
because the impedance is frequency dependent. Different
frequency bands are associated with different aspects of the
tissues (e.g. low frequency measurements are often attributed
to extra-cellular fluids and high-frequency measurements to
total tissue fluids). To evaluate alterations in a tissue, either
individual frequencies can be compared between different test
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Fig. 1. Ideal Cole-model impedance from 1 mHz to 100 MHz for R∞ = 1
kΩ, R1 = 10 kΩ, Cα = 10 nF, and α = 0.75. Peak reactance at fp = 18.6
Hz is given by a blue dot.

conditions or parameters of an equivalent electrical circuit that
represents the electrical impedance dataset can be determined
and compared. Using the equivalent electrical circuit analysis
approach, an impedance dataset which can have hundreds of
data points can be reduced to as few as 4 circuit parameters,
which simplifies further analysis.

One model for equivalent electrical circuit analysis that
has been widely used in biology is referred to as the Cole-
impedance model [7]. The Cole-impedance model is composed
of three theoretical circuit elements: R∞ [Ω], R1 [Ω], and Cα

[F·sec1−α] with impedance expression given by:

Z(jω) = R∞ +
R1

1 + (jω)αR1Cα
(1)

Note that Cα is a fractional-order capacitor with volt-
age/current characteristics defined by a fractional-order deriva-
tive [8] of order α. For the case given by (1) this fractional
order is limited to 0 < α < 1 and this component has



impedance given by ZCα
= 1/(jω)αCα. This component is

often also referred to as a constant phase element (CPE). A
further parameter derived from the Cole-impedance parameters
is the peak frequency (fp), which refers to the frequency at
which the model reactance is at its peak value. This frequency
is a function of R1, Cα, and α and is calculated as:

fp =
1

2π(R1Cα)(1/α)
(2)

A simulation the Cole-impedance model impedance given
by (1) when R∞ = 1 kΩ, R1 = 10 kΩ, Cα = 10 nF, and
α = 0.75 is presented in Fig. 1. The peak reactance predicted
using (2) is 18.6 Hz and is shown on Fig. 1 as a solid blue
dot.

The resistors in this model are often attributed to extra-
cellular fluid (R∞ + R1, the low frequency resistance) and
intracellular fluid (R∞, the high frequency resistance). The
CPE is often attributed to the cell membrane characteristics
of the sample. Using this model, a multi-frequency electrical
impedance dataset can be represented with four model pa-
rameters (R∞, R1, Cα, α) that are attributed to physiologi-
cal characteristics of the sample. While the Cole-impedance
model is utilized in this work, there are other fractional-order
equivalent circuits that have been used in the characterization
of electrical impedance data in biology and biomedicine [9].

Electrical impedance data that is fit to the Cole-impedance
model is often collected in either a bipolar (two-electrode)
or tetrapolar (four-electrode) configuration. While the four-
electrode configuration minimizes the contribution of the elec-
trode/tissue interface impedance to the captured measurement
(as is therefore a better representation of the tissue impedance)
the bipolar configuration is easier to implement. With many
studies using two-electrode configurations an important ques-
tion to support researchers and their interpretations of electri-
cal impedance data is: Are bipolar impedance measurements
representative of the tissue between the electrodes or local
to the tissue/electrode interface? This question motivates this
pilot study.

In this work, the electrical impedance of banana pulp sam-
ples were measured with a bipolar (two-electrode) configura-
tion. Electrodes were fixed in pulp regions with both high and
low levels of visual degradation. The impedance measurements
were fit to the Cole-impedance model for further analysis of
the variations between collected samples. The aim is to inves-
tigate how the placement of electrodes in pulp samples with
different levels of degradation impact the measured sample
impedance (and corresponding Cole-impedance parameters).
In the following sections, the methods for collecting the elec-
trical impedance from banana pulp samples, the experimental
data, approach to analysis using numerical optimization, and
discussion of the results are presented.

II. METHODS

This study measured the electrical impedance of three
samples of the pulp of a single Musa Balbisiana (banana)
fruit that was at ripened to the stage where the peel was yellow

2.7 cm

Fig. 2. Musa Balbiasiana samples at approximately (a) 0%, (b) 60%, and
(c) 90% of decay and the electrode locations (red/blue dots) with 2.7 cm
separation distance for their electrical impedance measurements.

with brown freckles. Each of the pulp samples corresponded
to a section cut from the banana (with the peel removed).
Each cut sample had approximate dimensions of 1.0 cm in
height and 2.9 cm in diameter. The three samples were selected
because each had a different proportion of pulp tissue visually
identified at different stages of senescence (i.e., decay or
deterioration with age). Photos of the three samples are given
in Figs. 2(a)-(c) for the sample referred to as healthy (no visual
signs of tissue decay), expiring (approximately 60% of cross-
sectional tissue showing visual signs of decay as blackening
pulp), and expired (approximately 90% of cross section tissue
showing signs of blackening pulp), respectively. The samples
were measured within 30 minutes of peeling and preparation.

A. Impedance Measurements

The impedance measurements were collected using an Agi-
lent 4294 impedance analyzer. Tissue samples were interfaced
to the instrument with a 16047E test fixture. Two solid copper
wires (24 AWG) with a length of 15 cm were fixed between
the test fixture plates for the paired terminals (I+,V+ and I-,V-)
and inserted in the tissues for measurement. This represents a
bipolar configuration of the tetrapolar interface of the Agilent
4294 instrument. The wire electrodes for all samples were
inserted to an approximate depth of 0.5 cm. This measurement
configuration is outlined in Fig. 3 for reference.

A total of 464 logarithmically spaced data points from 2.513
kHz to 2 MHz were collected from each sample using a
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Fig. 3. Experimental configuration to collect bipolar impedance measurements
of banana tissue samples using Agilent 4294 impedance analyzer.

500 mV (effective, RMS) excitation stimulus. This excitation
stimulus was not expected to induce any electro-chemical
changes in the sample. Prior to collecting any measurements,
the open/short/load calibration procedure (using a 47 Ω, 5%
load) was applied to the instrument. Measurements were
exported from the instrument for further post-processing.

B. Electrode Locations

Four measurements were collected from the prepared ba-
nana pulp tissue samples given in Fig. 2, which details the
electrode locations for each measurement (shown as red and
blue markers). These measurements represent the impedance
of cases with: 1) two electrodes in ’healthy’ tissue locations
(Sample 1), 2) two electrodes in ’healthy tissue locations for
an expiring sample (Sample 2-1), 3) one electrode in ’healthy’
and one electrode in ’expired’ locations for an expiring sample
(Sample 2-2), and 4) two electrodes in expiring tissue locations
(Sample 3). The expiring tissue locations were identified
visually as blackening tissue. Electrodes were placed to also
maintain the spacing (2.7 cm) for each sample.

III. RESULTS

The resistance and reactance of the experimental measure-
ments of each banana pulp sample are given in Fig. 4 as
solid lines. The measurements from each sample exhibit the
trend of decreasing resistance with increasing measurement
frequency, consistent with previous reported measurements
of banana tissues [2], [3]. Comparing each of the datasets,
there is a decrease in low-frequency resistance and decrease
in peak reactance with increasing amount of expiring tissue.
Sample 1 (two electrodes in healthy tissues) has the largest
low frequency resistance (17.92 kΩ at 2.513 kHz) and peak

reactance (11.52 kΩ at 2.513 kHz) in the observed frequency
band. The smallest low frequency resistance (2.78 kΩ at 2.513
kHz) and peak reactance (871.79 Ω at 23.177 kHz) was
observed for Sample 3 (two electrodes in expired tissues).

A. Identification of Cole-Impedance Model Parameters

From the experimental data in Fig. 4, the ’semi-arc’ behavior
of the electrical impedance in the Nyquist plot supports that the
Cole-impedance model is appropriate to represent this data. To
confirm this the Cole-impedance model parameters (R∞, R1,
C, α) that best represent the experimental data were identified
using a Particle Swarm Optimization (PSO) solver. Particle
Swarm Optimization is an approach that places ”particles” in
a search space and uses particle movement (determined by the
particle history and random perturbations) to find the optimum
solution in the space [10]. In this work, the PSO solver
aimed to find the set of Cole-impedance model parameters
that reduce the difference between the resistance (real) and
reactance (imaginary) components of the impedance data and
the model. The objective function for this solver is given by:

min
x

f0(x) =
n∑

j=1

ℜ{Z(x, ωj)− yj}2 + ℑ{Z(x, ωj)− yj}2

s.t. LB < x < UB (3)

where x represents the array of Cole-impedance parameters,
yj is the experimental data at frequency ωj , and Z(x, ωj) is
the Cole-impedance using x at frequency ωj . The constraint
LB < x < UB was utilized to limit the search space to values
between the lower bounds (LB) and upper bounds (UB) that
are representative of biological tissues: 1Ω < R1,∞ < 1 MΩ,
1 nF < Cα < 1 mF, and 0 < α < 1. The PSO solver in
MATLAB was utilized with a swarm size of N = 5000 (and
all other values left at their defaults). These constraints and
configurations were utilized for all applications of the PSO to
experimental data.

The Cole-impedance model parameters identified using the
PSO for each of the banana pulp samples, and the value of fp
predicted using (2), are given in Table I. The simulations of
(1) using the Table I values are given in Fig. 4 as dashed lines.
Note that all cases show very good visual agreement with the
experimental data (given as solid lines) over the experimental
frequency range (2.513 kHz to 2 MHz). This supports that the
Cole-impedance model is an appropriate model to represent
the banana pulp impedance in this frequency band. To high-
light predicted arc-behavior of the impedance using the PSO
parameters with (1), the simulations use a frequency band from
40 Hz to 2 MHz in Fig. 4.

IV. DISCUSSION

Comparing the ”healthy” (Sample 1) and ”expired” (Sample
3) pulp measurements, the parameters attributed to extracellu-
lar fluid (R∞ +R1) and tissue membranes (fp) showed large
differences. The model resistances were lower for Sample 3
(601.83 Ω) than Sample 1 (37.3 kΩ) and fp was higher at
790 kHz for Sample 3 compared to 160 kHz for Sample 1.
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Fig. 4. Experimental (solid) electrical impedance (2.513 kHz to 2 MHz) of banana samples compared to simulations (dashed) of the Cole-impedance model
using the PSO extracted parameters (40 Hz to 2 MHz).

TABLE I
EXTRACTED COLE-IMPEDANCE MODEL PARAMETERS FROM SAMPLES OF

BANANA PULP FLESH IN DIFFERENT STAGES OF EXPIRATION.

Case R∞ (Ω) R1 (kΩ) Cα (nF) α fp (kHz)
Sample 1 798.75 36.51 30.05 0.712 160

Sample 2-1 841.82 22.72 37.04 0.701 280
Sample 2-2 683.04 18.96 127.76 0.650 338
Sample 3 308.87 2.93 117.32 0.682 790

The decreased R∞ + R1 is attributed to the ”expired” pulp
tissues being in a gelatinous state with changes in the cell
walls leading to tissue softening and changes in cell membrane
permeability [11]; which could result in greater extracellular
fluid in the expired pulp tissues.

Our results align with the general trend reported by Ibba et.
al [3]. That is decreases in resistance (from approximately 13
kΩ to 4 kΩ at 400 Hz) as banana samples ripened (e.g. under-
went physiological changes to the pulp and peel tissues) with
age. While the magnitude of values are different comparing the
two studies, the differences in sample size, sample preparation,
and electrodes prevents a direct comparison. But both sets of
results support that sample bioimpedance is sensitive to the
amount of pulp deterioration in banana samples resulting from
senescence.

Ibba. et. al averaged measurements from 4 bipolar electrode
configurations on each banana while the banana was unpeeled

[3]. In this configuration the state of the pulp at each electrode
site could not be identified (only the exterior peel could
be visually inspected). This prevents investigating how the
localized conditions at each electrode may contribute to the
overall tissue characterization using the averaging approach.

Consider the simplified illustration of the bipolar electrode
configuration to collect the impedance measurements given in
Fig. 5(a). This figure presents two copper electrodes inserted
into the banana pulp flesh for measurement. The measured
impedance in this configuration has contributions from both
the electrode/tissue interface impedance at both electrodes
(Ze1,2) and the tissue impedance between the electrodes (Zt).
An equivalent representation of this impedance is given in
Fig. 5(b) as a series connection of elements representing
each contribution. Based on reported differences between
bipolar and tetrapolar measurements, we expect that the elec-
trode/tissue interface impedance is much greater than tissue
impedance (Ze1,2 >> Zt). Therefore, we expect reported
bipolar impedance (and corresponding Cole-impedance model
parameters) to be more strongly associated with the tissue local
to the electrodes than between the electrodes. If true, the place-
ment of the electrodes may limit accurately characterizing the
pulp tissue. That is, two electrodes placed in ”healthy” pulp
locations of a sample with expired tissue (e.g. Sample 2-1 in
Fig. 2) may be similar in value to a pulp sample measured
without an expired tissue.

From evaluation of the Sample 2 measurements, both
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Fig. 5. (a) Representation of electrodes (copper wire) inserted into banana
pulp sample and (b) equivalent impedance representing tissue/electrode inter-
face impedance and tissue impedance.

2 − 1 and 2 − 2 have similar R∞ + R1 magnitudes (23.56
kΩ and 19.64 kΩ) which lie between the Sample 1 and
Sample 3 values. Both samples have similar quantities of
decaying pulp (shown as black tissue in Fig. 2) between
their electrode locations, but Sample 2− 2 has one electrode
inserted into the decaying flesh and another inserted into the
healthy (unexpired) flesh. But Sample 2 − 1 has a 10 kΩ
difference than the Sample 1 R∞ +R1 value. Assuming that
both Sample 1 and Sample 2 ”healthy” tissue have similar
physiological and impedance properties, this suggests that the
bipolar measurements do reflect the tissues between electrodes
and not just in a small area around the electrode.

The decrease in R∞ +R1 and fp with increasing amounts
of expired pulp tissues supports that tissue bioimpedance may
be an effective marker to classify both the quantity of expired
tissue and the level of expiration. This can be seen by the
61.33% and 92.08% reduction in R∞ and R1 respectively
from the ”healthy” to ”expired” flesh. This warrants further
use of the Cole-impedance model and its parameters as a
potential biomarker for food quality research. However, further
investigation is needed to evaluate if this trend continues
across a larger number of samples and to develop/evaluate
the methods to accurately classify them.

In addition to the future research directions, it is important
to note the limitations of this study. The measurements ana-
lyzed in this study was from a limited number of banana pulp
samples and only 1−2 measurements from each sample. With
the expected sensitivity of the measurements on the electrodes,
location, and tissue state further studies are necessary to sys-
tematically evaluate how electrode properties and placements
alter measurements and then use these details to develop
best practice recommendations to standardize measurement
approaches.

This highlights another avenue of research needed to support
using bioimpedance methods in food quality research.

V. CONCLUSION

In this work, the Cole-impedance model was demonstrated
to accurately represent the localized electrical impedance of
banana flesh samples (measured with a bipolar electrode
configuration) in the frequency range from 2.513 kHz to 2
MHz. Comparing the ”healthy” and ”expired” samples, the
parameters associated with extracellular fluid (R∞ +R1) and
tissue membranes (fp) showed large differences supporting
that tissue bioimpedance (and the use of the Cole-impedance
parameters) may be an effective marker to classify both the
quantity of expired tissue and the level of expiration. The elec-
trode location, specifically placement in ”healthy” or ”expired”
localized tissue, does impact the collected bioimpedance but
are not dominated by them.
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