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Abstract—This article presents a comprehensive examination of
the development of a non-contact measuring technique for deter-
mining fruit quality. Capacitance measurements were performed
on soap (reference), banana, and nectarine samples across a fre-
quency range of 5 Hz–200 kHz for banana and soap, and 10 Hz–1
MHz for nectarine. The data analysis revealed consistent trends in
series capacitance (Cs), indicating its suitability for future inves-
tigation. Additionally, temperature compensation improved data
accuracy. Compensated capacitance data, obtained through linear
fitting coefficients from the first 18 hours of data, showed distinct
trends in banana samples, with a reduction of 6.76% on the first
day and an additional 3.38% on the last day, illustrating the impact
of aging. In contrast, the soap reference sample exhibited constant
capacitance behavior over time. The response of the system to the
presence and absence of the fruit sample and the effect of mass
loss of the banana fruit on the Cs trends were also examined.
The system’s capacity to differentiate between undamaged and
damaged samples was demonstrated after the investigation was ex-
panded to include 51 nectarines. Following the impact damage, Cs

significantly increased, particularly one hour later, aligning with
biochemical changes associated with mechanical damage. ANOVA,
a type of multivariate analysis, highlighted the system’s efficacy.
The system demonstrated preserved damage detection even 24
hours after impact, despite temperature variations. This study pro-
vides valuable insights into non-contact measurement methods for
potential industrial use, considering the effect of temperature and
sample-specific analysis in the accurate evaluation of fruit quality.
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I. INTRODUCTION

FOOD quality is one of the most important aspects to be
considered to protect human health. Among the various

food items to be inspected, fruits play a key role. Furthermore,
the reduction of fruit waste through its correct quality evaluation
is especially relevant in the agri-food industry to reduce finan-
cial loss [1] and to improve food security and sustainability.
Fruit sorting methods taking into consideration both internal
and external qualities and flaws are essential throughout all
postharvesting stages. In this context, significant challenges
arise from mishandling, freezing, and transportation-related
damages [2], [3]. To address this, the industry employs sorting
techniques to identify unsuitable fruits for market or storage.
To date, accurate determination of fruit quality is based on
both destructive and nondestructive methods. While destructive
methods typically require long times and are not appropriate for
large-scale measurements, nondestructive procedures provide
instantaneous outcomes and are more desirable.

Nondestructive quality detection technologies for postharvest
products can utilize optical and electrical properties. Optical
techniques, such as colorimetry [4], imaging [5], and spec-
troscopy, provide insights into the internal structure of fruit
through interaction with light. Alternatively, the interaction of
an electric field with the fruit presents a new approach to the
measurement of fruit quality. Electrical impedance spectroscopy
(EIS), also called bioimpedance, allows measuring the passive
electrical properties of a sample in response to an applied electro-
magnetic field [6]. While both approaches offer fast and efficient
measurements, bioimpedance represents a low-cost and promis-
ing approach compared to conventional optical methods. Such
impedance measurement techniques can be classified as con-
tact and noncontact. Extensive research has been conducted on
non-destructive contact methods for fruits, such as bananas [7],
apples [8], [9], strawberries [10], and mangoes [11]. However,
with the increasing demand for real-time fruit quality detection
in industrial settings, the development of fast, nondestructive,
and noncontact detection systems has become crucial [12].

While EIS is typically measured using electrodes in direct
contact with the device under test (DUT), capacitive noncontact
measurements can also be performed. In this approach, elec-
trodes are not connected to the sample; instead, the changes
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in capacitance between two capacitor plates are detected. Non-
contact capacitive measurements are influenced by variables,
such as plate size, distance, sample characteristics, and ambient
temperature. The latter, in particular, alters the permittivity
of materials between plates, greatly influencing the measured
capacitance. Notably, impedance and capacitance in capacitors
have an inverse relationship: at higher frequencies, capacitive
impedance decreases, leading to increased current flow. It is
essential to comprehend this connection to properly interpret
the impedance measurements produced by noncontact capac-
itive methods [13]. In particular, several noncontact methods
have been employed for fruit quality evaluation. For instance,
the ripening of bananas has been assessed using a noncontact
approach with parallel plates to measure the fruit’s dielectric
properties [14]. Another study used a noncontact approach to test
the quality characteristics of bananas based on their dielectric
properties, proving the method’s effectiveness for determining
ripeness and quality changes [15]. The firmness of apples was
evaluated noncontact by utilizing a parallel plate capacitor [16].
In addition, the device is used to acquire conductivity spectra
from different biological test specimens [17].

Noncontact detection systems offer several advantages allow-
ing them to be suitable for industrial purposes, including the
ability to measure multiple fruits simultaneously, noninvasively,
and with real-time data acquisition. This study aims to develop
a noncontact measurement technique to assess fruit quality.
The proposed system design is presented in Section II, which
includes the design requirements, system architecture, circuit
design, measurement specifics, setups, and calibration. The mea-
surement is performed in the frequency range of 5 Hz–200 KHz
every hour for seven days consecutively on two samples, banana
and soap (reference sample) to investigate the aging effect,
as described in Section II-A. Furthermore, in this section, the
response of the system to the presence and absence of the fruit
is studied over four days of measurement on three bananas, to
fully investigate the temperature effect. Here, the same samples
were also employed to investigate the effect of the fruit mass
loss on the recorded Cs values. In Section II-B, an extension
of the investigation is provided by studying 51 nectarines in the
frequency range of 10 Hz–1 MHz, focusing on the ability of the
system to detect mechanical damage. Outcomes in Section III-A
demonstrate that Cs value of the banana declined by 6.76 % on
the first day and further decreased by 3.38 % on the last day of
measurement in contrast with the reference sample, soap whose
Cs behavior was constant over time. Also, in this section, a
comprehensive comparison with relevant studies is provided.
The consequence of Section III-B reveals that even after 24 h,
the system can effectively distinguish damaged samples. More-
over, multivariate analysis, in particular analysis of variance
(ANOVA), demonstrates how effectively the system performs
to distinguish samples that are undamaged from those that are
damaged, especially 24 h later. These results support the sug-
gested noncontact measuring method, demonstrating successful
biological sample aging and damage assessment with the poten-
tial for sorting on production lines. Finally, Section IV concludes
this article, summarizing findings and discussing future direc-
tions for improving the method and outlining potential future
possibilities for the method’s development and industrial use.

Fig. 1. Capacitive setup includes an impedance analyzer, two copper plates
within a distance of 74.15 mm, and a sample under test (i.e., a banana in the
figure).

II. MATERIALS AND METHODS

Fig. 1 illustrates the measurement system setup, including
all its components. The system is composed of two 300 mm ×
200 mm parallel copper plates, with an unplasticized polyvinyl
chloride (UPVC) stage containing a hole to safely hold the
sample under test in between the plates. The hole in the stage
is precisely sized to match the width of the plates, ensuring that
only the segment of the fruit directly interacts with the electric
field. The selection of UPVC material was based on its observed
lack of effect on the electric field during experiments. The upper
plate is fixed at the same height as the UPVC stage to maintain
consistency in the air gap on both sides of the sample, satisfying
Gaussian law. Also, the setup was enclosed in a plastic box to
reduce the influence of the surrounding environment on the mea-
surements. The sample’s shape is one of the many elements that
determine capacitance. Because of the plates’ small dimensions
compared to the sample, shape-dependent variations in readings
are minimized. This is because the electric field lines between
the plates are more uniform when the plates are smaller than the
sample, preventing the sample’s shape from seriously distorting
the electric field [18].

For acquiring the bioimpedance data, a semiportable
impedance analyzer (Digilent Analog Discovery 2) operating
across different frequency ranges is used. To have a better signal
generated by the impedance analyzer, the feedback resistor
and the system voltage are considered to be the maximum
values that can be selected on the software, 1 MΩ, and 5 VP−P ,
respectively. Since the capacitance also depends on temperature,
after placing the samples between two plates, simultaneous
measurements of the temperature inside the box and capacitance
were carried out. The temperature data were acquired using a
Pico TC-08 Data Logger. The system’s capacitance in the first
approximation can be estimated by fitting the impedance data
to an equivalent circuit.

The samples that were studied in this experiment are four
bananas, a bar of soap, and 51 nectarines that were obtained
from a single vendor (Eurospar) at the neighborhood store.
Two settings were employed for the two different experiments,
according to the type of sample. The first setup was used to study
the aging effect of bananas and soap, while the second setup was
employed for damage detection. The height of the setup was
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adjusted based on the size and type of the sample, assuring a
constant air gap between the plates in both setups. The presence
of a fruit specimen in the middle of the plates forms a three-layer
dielectric capacitor due to sample and air gaps. According to the
rules of a capacitor with a multilayer dielectric, since the air gap
is the same in both setups, the capacitance value varies due to
different samples with varying heights and dielectric constants,
despite the air gap being the same in both cases [18].

A. Setup 1

To obtain a more comprehensive analysis, the first setup of
the experiment is conducted using two different approaches. A
preliminary experiment is carried out with a banana and a bar
of soap to validate the setup in the frequency range 5–200 kHz,
as suggested by previous studies [19], [20]. The measurements
were performed over 75 logarithmically spaced frequency points
in the two-electrode configuration. The soap, with its stable
dielectric constant of 3.5 [21] and its resistance to aging effects,
served as a reference. In this case, based on the average size of the
samples and the height of the stage, the plates were distanced by
74.15 mm, to guarantee that the sample was placed in the center.
Here, the aging effect of the biological sample was studied so
that after placing a sample between two plates the simultaneous
measurements of internal temperature and capacitance were
carried out consistently every hour for seven days.

In this part, the influence of temperature on capacitance
measurements was carefully investigated to minimize errors. By
assessing and reducing the influence of ambient temperature
on the collected data, this compensation approach improves
the accuracy of the measurements. Analyzing the impedance
response provided valuable insights into the system’s electrical
properties and behavior. For analyzing the collecting data out
of the total 168 h of capacitive data gathered over seven days,
the initial 6 h were excluded due to significant temperature
fluctuations. The remaining 162 h were normalized based on
the reference temperature (Tref) measured in the 1 h. Out of
the total 162 h, the initial 18 h were used to calculate linear
fitting coefficients for each frequency, resulting in 75 fittings.
The calculated coefficients were applied to the remaining 144
data points (six days) to yield compensated capacitive data.
By employing the following formula, the normalized and fitted
capacitive (compensated) data was calculated

Ccompensated = Cmeasured + [p1 × (Tref − Tmeasured)] (1)

where Tmeasured is the observed temperature in ◦C for 144 capac-
itive data points and p1 is the slope of the linear fit, as illustrated
in the inset of Fig. 2(b). In this equation, to avoid the negative
values in the normalized data, the intercept is neglected due to the
exclusion of zero time. In this study, the series capacitance (Cs)
and resistance (Rs) were considered to represent the electrical
characteristics of the system, as both the parallel and series
equivalent circuits yielded similar results, Fig. 2(a) and Fig. S2
of the Supplementary Material, respectively.

The second approach involved measurements of three bananas
under the same setup and frequency range over four days. This
part of the study focused on the relationship between mass loss

Fig. 2. (a) Variation of normalized Cs of a banana fruit over seven days of the
experiment at selected frequencies (5–200 kHz). The schematic of equivalent
circuits used to extract the Cs value is shown in the inset on the bottom-left
sides. (b) Variation of raw Cs data (left y-axis) and measured temperature (right
y-axis) over 24 h of banana. The inset on the up-left side shows the linear fit of
the initial 18 h used to calculate linear fitting coefficients for each frequency. (c)
Comparing the normalized and fitted Cs and normalized Cs over six days.

and capacitance in addition to the aging effect. The experiment
is performed simultaneously with the presence and absence of
bananas as a strategy to remove the role of temperature on the
overall result without performing the compensation, considering
the baseline results as a reference. To investigate the impact
of mass loss on capacitance, the mass of the samples is mea-
sured daily before each capacitive measurement. As with the
prior configuration, for consistent comparison, both the series
capacitance (Cs) and resistance (Rs) are assessed to characterize
the electrical properties of the system. Importantly, the results
from each approach were analyzed separately, ensuring that they
are distinct and reliable. Despite using different methods, the
findings are consistently aligned, demonstrating the robustness
of the experimental procedures.
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B. Setup 2

For subsequent research, the focus shifts to a comprehensive
mechanical damage study of 51 nectarines. The measurements
are conducted over a wider frequency range of 10 Hz–1 MHz
over 200 logarithmically spaced frequency points in the
two-electrode configuration, in line with [22], [23]. According
to the size of the nectarine sample (on average 66.7 mm), the
distance between the plates is increased to 100.7 mm. To assess if
the setup can distinguish the effect of mechanical damage on the
nectarines a simple pendulum with a platform and a bob acting
as a ball hammer was fabricated [24], [25]. The platform was
constructed at the equilibrium position of the pendulum to hold
the fruit sample. The bob was designed to replicate the bruising
injury of fruit falling from a height of 30 cm, and it expresses its
behavior as a partially elastic body Fig. S1 of the Supplementary
Material. The weight of the bob was calculated according to
the average weight of nectarines (152.25 g). It is important to
note that the weight of the bob was negligible compared to the
average weight of the fruit (3.72 g). The bob of the pendulum
was let go at a height of 36 cm, mimicking the impact and
bruising injury of a fruit falling. This collision is considered
to be elastic which both kinetic energy and momentum are
conserved. To calculate the impulse energy transferred from the
pendulum to the sample, the changes in kinetic and potential
energy before and after the collision need to be considered

Eimpulse = Efinal − Einitial. (2)

Single measurements of impedance and temperature are taken
before the impact, immediately following the impact (0 h), 1 h,
and finally after 24 h had passed to study the time-dependent
electrical property changes due to damage. Also, a one-way
ANOVA was performed to evaluate statistical differences
between damaged and undamaged fruits, utilizing Fisher’s least
significant difference method. The differences were calculated
for an appropriate level of interaction (p ≤ 0.05) [26]. Results
were reported as the mean and standard deviation (SD) of the
mean. Furthermore, this configuration allows the investigation of
probable temperature effects on damage identification through
the analysis of series capacitance values. This investigation
improves our understanding of how the system responds to
various circumstances and provides direction for further studies.

III. RESULTS AND DISCUSSION

A. Setup 1

Fig. 2(a) shows the variation of normalized Cs and Cp (see
Fig. S2 of the Supplementary Material) with their equivalent
circuit for a banana tested over seven days at frequencies from
5–200 kHz, in 15-point increments. For the specified samples
and frequency range, the plot provides insights into the behavior
of both Cs and Cp. As shown in Fig. 2(a) the capacitance
decreases over time due to sample aging, as also observed
in [27]. In addition, it is clear how the peak heights in the
figure, reflect temperature fluctuations. Such behavior can be
observed in more detail in Fig. 2(b), where the temperature fluc-
tuation closely follows the daily Cs one. Higher peaks indicate
greater temperature variations, particularly in the initial days. As

Fig. 3. Comparison between the normalized and fitted data of banana and soap
for six days.

temperature stabilizes, peak heights decrease. The decline in
peak heights during the banana’s last stage is likely due to a
reduced permittivity of the sample under test [27]. Based on
the observed similarity in the behavior of Cs and Cp across
the six frequencies studied over multiple days, we concluded
that a single frequency can provide equivalent outcomes. For
this reason, the analysis presented in this study refers to the
frequency f = 45 kHz for Cs. The data analysis of both the fruit
and soap samples is conducted using the same methodology.

Fig. 2(b) shows the relationship between temperature and raw
Cs data over the initial 24 h, excluding the first six data points.
This representative section indicates temperature impacts the
dielectric constant of the materials (i.e., air and sample under
test), which in turn affects capacitance. Such behavior can be
explained by the fact that the mobility of polar molecules is
increased at higher temperatures, which raises the dielectric
constant of the measuring materials [28]. Compensation for the
data based on temperature is needed to mitigate the effect of
temperature on the samples. A linear regression model was fitted
to the first 18 data points (excluding the first six data points),
yielding an r-squared value of 97.76 % and 96.57 % in banana
and soap, respectively.

As shown in Fig. 2(c), the impact of temperature on the
normalized data can be successfully compensated. The series
capacitance decreases over time, indicating the aging of the
sample. The decrease in series capacitance over time in the fruit
can be attributed to factors, such as water content. During the
ripening process of fruits, the water content gradually decreases,
leading to an increase in impedance [29]. This decrease in water
content is one of the factors contributing to the decrease in
capacitance. However, it is important to note that the value of
capacitance is not solely determined by water content but is
primarily influenced by the degradation of the cell membrane.
From an electrical perspective, the decrease in capacitance over
time can be attributed to the degradation of the capacitive
behavior of the cell membrane of the biological sample. This
degradation allows for easier passage of current through the intra
and extracellular space of fruit [30].

Fig. 3 compares the normalized and fitted data for banana and
soap over six days. The behavior of the two samples diverges
significantly. While the soap demonstrates consistent stability
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over time, the banana, being a living tissue sensitive to aging,
displays a decrease in capacitance. The Cs value of the banana
showed a relative change of 6.76 % (first day), 9.5 % (second
day), 8.93 % (third day), 5.45 % (fourth day), 4.49 % (fifth day),
and 3.38 % (sixth day). Initially, at the start of the measurement,
the banana was in the green stage. The relative change in Cs

gradually increased, with the most significant change observed
on the second and third days as the banana entered the ripening
stage. As subsequent days passed, the rate of change decreased,
indicating the onset of aging. These findings align with the
research conducted by [8], although their study utilized a contact
method instead. These various trends are accurately captured by
the fitted data, which provides reliable representations of the
respective samples.

The simultaneous measurements of baseline and sample
capacitance of three bananas over four days are presented in
Fig. S3 of the Supplementary Material, revealing the electrical
characteristics of bananas during the ripening process. Initially,
all three samples show a gradual increase in the Cs values and
then reach a peak on the third day. This increase is correlated with
the bananas transitioning from the green stage to ripe condition,
during intracellular biochemical transformations that affect the
dielectric properties of the fruit thus increasing the measured
capacitance. Following this peak, there is a significant drop
on the fourth day, likely indicative of aging and temperature
reduction. Simultaneously, the baseline capacitance measure-
ments for the corresponding days follow a similar trend, while
consistently having lower values in comparison to the banana
measurements. A similar trend suggests environmental factors,
such as temperature and humidity, have an impact on the air’s
permittivity between the plates, which affects the capacitive
measurement [18]. However, the measurements of bananas taken
on the second and third days with the pronounced peaks and
sharper slope changes on this day reveal the dominant effect of
the biological charges on its capacitive properties. On day four,
the slope of both banana and baseline measurements become
more comparable, suggesting a stabilization in the rate of biolog-
ical change within the banana and potential equilibrium between
environmental influences on the capacitance values. Fig. S4 of
the Supplementary Material demonstrates the direct influence
of the bananas’ changing mass on their electrical properties.
Such mass loss is likely due to moisture loss, increase in total
soluble solids [31], and metabolic changes during ripening [32].
Here, an initial rise in capacitance when the bananas lose mass,
mostly from water loss, can be observed. Also in the ripening
stage, during intracellular biochemical transformations conver-
sion of starches to sugar [33] will increase the number of ions.
This phenomenon enhances the polarization of the ions in the
presence of the applied electric field, which allows to store
more electrical charge and as a result, the capacitance increases.
On the other hand, by the fourth day, ethylene production
rises during ripening [34], which leads to loss of structural
integrity [35] and as a result, the bananas’ dielectric constant,
and thus capacitance, decreased. This comprehensive represen-
tation highlights the complex relationship between the physical
and electrical characteristics of bananas during their ripening
cycle.

Fig. 4. Variation of raw Cs with SD for 51 nectarine fruit at selected fre-
quencies (1 kHz–1 MHz) under four different conditions: before the mechanical
damage (blue), 0 h (red), 1 h (green), and 24 h (magenta) after the mechanical
damage.

B. Setup 2

Fig. 4 represents the variation of Cs in the frequency range of
1 kHz–1 MHz for 51 nectarines under four different conditions:
before the impact effect, 0, 1, and 24 h after the damage. The
frequency range of 10 Hz–1 kHz has been excluded for plotting
purposes due to significant noise, which affects the analysis’s
accuracy. According to Fig. 4, while each condition displayed
different Cs values, the changing trend of damaged fruit was
consistent with undamaged fruit. Immediately after the damage,
at the so-called 0 h, the Cs increases for the whole frequency
range. This effect becomes more pronounced after 1 h. The
observed changes inCs can be interpreted from the viewpoint of
impedance spectroscopy. The increase in Cs can be attributed
to several factors related to the mechanical damage sustained
by cell membranes. Such damage likely ruptures cell walls,
leading to leakage of cellular contents such as water, ions,
and enzymes [36]. Ions are the primary current carriers in an
electrolyte, contributing to the overall impedance of the tissues.
In the tissues shocks or stress causes cytoplasmic electrolytes
to leak into the apoplast, decreasing the structure’s electrical
resistance to subsequent physical injury and ultimately resulting
in cell destruction [37]. This result aligns with [38], [39], [40].

Furthermore, the lipid bilayer of the plasma membrane, acting
as a capacitor and conductor, can be altered by mechanical stress,
affecting the membrane’s dielectric constant [41]. However, this
variation, along with changes in internal chemical properties
and physical structure, influences the tissue’s electrical behavior
postdamage [42].

This dynamic influences the impedance by modifying both
its resistive and capacitive components, making it essential to
understand the electrical behavior of plant tissues after mechan-
ical damage. Consequently, more detailed studies are required
to characterize the actual cause of this increase in capacitance.
Moreover, after 24 h, the evident reduction in series capacitance
suggests a more stable cellular state with tissue that resembles
amalgamated tissue, higher conductivity, and the absence of the
electrical isolation that is characteristic of healthy cell mem-
branes [43].
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Fig. 5. (a) Cs value of for 51 nectarines for frequency 1 MHz. The x-axis represents four different conditions: before the mechanical damage, 0, 1, and 24 h
after the mechanical damage. The y-axis represents the Cs value for each condition. An ANOVA test was conducted, revealing significant differences denoted by
the letters “a” and “b” for the respective parameters. The marker (“+”) represents outlier values. (b) Raw Cs data versus temperature of four different conditions:
Before damage (blue, ◦), 0 h (red, ∗), 1 h (green, �), and 24 h (magenta, �) for frequency 1 MHz.

ANOVA test is performed for all frequencies to compare four
conditions of nectarine, to evaluate the possibility of using such
a capacitive approach to discriminate between damaged and
undamaged fruit. Here, mean values with common letters are
statistically similar, while values with no common letters are
significantly different. A closer look at the ANOVA results for
different frequencies in Table S1 of the Supplementary Material
reveals that for low frequencies, there is no differentiation be-
tween the group’s mean. While for mid- and high frequencies, it
is more distinguishable. Consequently, for plotting Fig. 5(a), a
frequency of 1 MHz is considered since it has the lowest p-value
Table S1 of the Supplementary Material.

Fig. 5(a) demonstrates that the setup effectively discriminates
between the undamaged samples and samples observed 24 h
after damage for a given frequency. Temperature variations and
their impact on measurement results at a single frequency were
systematically evaluated. Measurements for the initial three
conditions (namely, before the damage, immediately after, and
1 h postdamage) were conducted within a temperature range
of [23.96–26.35], [24.45–26.95], and [25.05–27.06] ◦C, respec-
tively, mirroring the environment temperature in the laboratory.
Similarly, for the condition of 24 h postdamage, the temperature
variation remained within the [25.23–26.65] ◦C range.

Our findings in Fig. 5(b) suggest that the patterns of cell
behavior and capacitance changes are influenced by temperature
fluctuations. The capacitance value for each of the conditions,
before impact, 0, 1, and 24 h, is randomly distributed over an
almost similar temperature range as the other conditions. How-
ever, the measurements taken 24 h after damage are partially
distinct from those of the other three conditions, despite a similar
temperature variation. This suggests that the system can discrim-
inate between the original three circumstances and the state that
exists 24 h after damage, suggesting an influence beyond the
temperature effect. Biologically, several factors could be respon-
sible for this distinction, such as cellular repair processes [44],
response to the damage may continue to evolve after a few
hours [45], which leads to visible changes in the behavior and
capacitance of the cell after 24 h. In addition, cellular
remodeling, gene expression alterations, or variations in

membrane integrity could contribute to the observed differ-
ences [46]. Considering these factors is crucial for understand-
ing the complex connection between temperature, cellular re-
sponses, and the lasting impact of damage.

It is important to consider that the development of mechanical
damage depends on various factors, including impact energy, the
number of impacts, and fruit morphology, such as the shape
and size of the sample, as well as factors like maturity and
texture [47], [48]. Consequently, the response of different fruits
to the damage could vary, influencing the measurement and
subsequent results. Also, it is important to consider that, beyond
the direct impact of damage, aging itself introduces additional
intrinsic effects on the measurements [49].

To compare this work with similar state-of-the-art techniques,
parameters were extracted from the literature and are presented
in Table I. This study demonstrates a comparable frequency
range, VP−P , and plate size to analogous instruments in the
literature. Capacitive measurement, reliant on factors, such as
applied voltage, is directly proportional to the amplitude of the
applied ac voltage. Increasing the voltage amplitude enhances
sensitivity, enabling the detection of small variations in dielectric
properties like fruit quality or moisture content. Except for [50]
and [51], where the applied voltage is unspecified, all other
works exhibit similar voltage magnitudes. Notably, O’Toole [17]
employed higher voltages due to magnetic field utilization. Tem-
perature can significantly affect data, necessitating controlled
temperature measurements. Similar to the work in [17], this
work considers temperature effects, highlighting the importance
of temperature in data analysis. Plate size directly influences
capacitance, with larger plates offering greater sensitivity and
resolution. This study employs sufficiently large plates com-
pared to relevant literature, to ensure reliable results. In addition,
larger plates can cover the entire sample, although this may
complicate measurements. In some studies [14], [17], [51], the
volume of the sample is estimated, but in this work, to reduce the
number of variables in the measurement, the sample is placed
between the plates so that only the middle part of the fruit is cov-
ered. Regarding frequency, both single-frequency measurements
and frequency sweeps can impact the information obtained and
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TABLE I
LIST OF CAPACITIVE MEASUREMENT-BASED STUDIES

sensitivity to certain sample properties. While single-frequency
measurements are quick and straightforward, frequency sweeps,
as in this study and in [14], [15], and [17], detect small variations
across frequencies, although requiring more time. The choice
between frequency range and single-frequency measurement
depends on specific measurement goals. Overall, this method
presents a novel approach to fruit quality investigation.

IV. CONCLUSION

In this work, EIS was employed as a noncontact method for
assessing fruit quality. The investigation focused on two setups:
first, a preliminary trial including four bananas and soap, and
secondly, the examination of 51 nectarines. Both cases yielded
promising results with the noncontact capacitive measurement
method. During the initial setup, spanning seven days, the
noncontact technique effectively observed the banana’s aging
process, showing a noticeable decline in series capacitance (Cs)
with time. This sensitivity to biological changes allowed clear
differentiation between the aging banana and the stable soap.
Moreover, the correlation between capacitance and temperature
underscored the necessity for temperature correction during data
processing.

To explore temperature effects, simultaneous measurements
of sample presence and absence were conducted, unveiling the
impact of aging and environmental factors on system response.
This innovative approach presents a means to mitigate tempera-
ture and other influences effectively. In addition, by analyzingCs

response to banana sample mass loss, the method acknowledges
the role of biochemical changes over time in assessing fruit
quality. In setup 2, the noncontact technique assessed mechani-
cal damage in 51 nectarines, revealing an immediate increase
in Cs postdamage, followed by a subsequent decrease after
24 h. This dynamic response reflects complex cellular alterations
triggered by mechanical damage, including cell content leakage
and membrane integrity changes. The method’s ability to discern
damaged fruit, even 24 h postdamage, suggests real-time quality
evaluation feasibility in industrial settings.

Overall, these findings clear up the complex relationship
between aging, mass loss, damage detection, capacitance re-
duction, and fruit properties, offering significant implications
for industry and fruit quality assessment. The nondestructive,
real-time nature of this technology presents an efficient means
for fruit quality verification, enabling swift sorting, and minimiz-
ing financial losses. Future enhancements in measurement setup,
calibration, and integration with automated sorting systems hold

promise for increased productivity and customer satisfaction.
Ultimately, this method stands to revolutionize fruit processing,
reducing waste, and enhancing produce quality and safety.
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