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ABSTRACT Salt is a mineral used in various industries/foods to fulfil different needs. Its utilization
for food preparation is most common and its unmonitored consumption leads to many diseases. In this
article, two sensors S1 and S2 have been designed and simulated using COMSOL MULTIPHYSICS
5.6 software to measure the salt concentration of various salt samples. The performances of the sensor
structure have been evaluated by varying geometrical parameters and electrode materials. The sensor
works on the extension of Thompson and Lampard Theorem, a well-known principle used to fabricate
a primary standard of capacitor. Sensor S2 is fabricated, and experiments are conducted with various
concentrations of salt samples. The experimental results closely match the results of the simulation and
the commercial conductivity meter. A highly linear response with a sensitivity of 1.87 mV/(mg/100 ml)
and with an average repeatability index of £0.17% is observed. Furthermore, the Gaussian Naive Bayes-
based machine learning algorithm has been used to categorize salt samples into eight different salt taste
types. The data for salt concentration samples are generated using 100 volunteers. The machine learning
algorithm achieved an accuracy of 93.33% for predicting salt taste type.

INDEX TERMS Circular structure, classification of salt samples, conductivity, four electrode, machine

learning, salt taster.

. INTRODUCTION

ALT is known for its utilization in different forms in
S industries, such as oil & gas, chemical, textile, metal,
pharmaceutical, rubber, soap, water treatment, and for the
preparation of food [1], [2], [3], [4], [5]. It consists of
sodium molecules (40%) and chloride molecules (60%) [6].
Salt is commonly used as a universal taste enhancer and is
consumed extensively across the world.

It also plays a crucial role in the proper functioning of our
body. It contracts and relax muscles, conducts nerve impulse,
and maintains the balance of water and minerals [6], [7].
Adult bodies require 5 g/day of salt as recommended by
WHO [8], [9]. Therefore, higher salt intake could be harm-
ful as it leads to many noncommunicable diseases (NCDs),
such as cardiovascular diseases (CVDs), elevated blood pres-
sure, hypertension, aggravation of asthma, chronic kidney
disease, osteoporosis, stomach cancer, and many more [6],

[10], [11], [12]. Chronic diseases, such as CVD, chronic res-
piratory disease, cancer, and diabetes contribute to 80% of
deaths [13]. An inappropriate amount of salt in food many
times leads to domestic violence [14]. Several studies have
been conducted in line with the WHO Risk Assessment
project [15] to understand the effect of salt consumption on
human health. In these studies, reduced salt consumption was
found to be beneficial for health [10], [16], [17], [18], [19].

The human body requires 2 g/day of sodium. The major
portion of sodium (= 90%) in our diet comes through
salt intake and around 2.54 g of salt is equivalent to
1 g of sodium [20]. Our dietary food contains 15% of
natural sodium, and 15%-20% sodium from cooking and
eating whereas 70% directly comes through processed
food [20], [21]. Hence, proper monitoring of salt in pro-
cessed food as well as cooked food is crucial to reduce
NCDs. Techniques used to measure the salt concentration
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include computed tomography [22], [23], impedance spec-
troscopy [24], ion-selective electrode (ISE) [25], nanocom-
posite conductive sensors, and electrochemical sensors [26].
These techniques normally measure the conductivity of the
salt sample and some of them are complex, require skilled
manpower and the systems are not cost effective for the
general use of a common man. The nanomaterials-based
conductivity measurement system suffers from drift due to
ageing and degradation of sensing film. Also, most of them
do not use any machine learning tool for intelligent decision
making in a user-friendly manner suitable for daily use.

However, in the measurement of conductivity for deter-
mining food quality, the salt concentration is of high interest
because of its cost-effective nature, and simple integration
and is applicable for solid foods too [27]. In a few reported
works, conductivity has been utilized to measure salt content
in cured ham [24], in-mouth salt release [28], blood [29],
and water quality [30]. The work is limited by either using
high-end technology or two electrodes technique.

Recently, the quality of bottled water and milk in terms
of conductivity [31], [32] are being reported using cross
structure. Therefore, a simple, low cost, and portable food
salt tester with an intelligent decision-making system are
required to measure the salt concentration in food and cui-
sine. Although the research is limited to a few, a detailed
investigation through simulation and experiments to utilize
the cross structure as a salt tester has not been yet reported.

In this work, a four electrode circular cross-sensor is
proposed and investigated in detail as a salt tester. The sen-
sor is based on a highly precise and accurate structure as
proposed in the Thompson and Lampard (TL) theorem. The
proposed sensor structure is initially designed in COMSOL
MULTIPHYSICS 5.6 software. A detailed simulation study
is being carried out to understand the sensor behavior for var-
ious design parameters and salt concentrations. The sensor is
fabricated using inexpensive copper cladded PCB substrate
and experiments are conducted with different salt samples
in package drinking water to evaluate its static performance.
Finally, Gaussian Naive Bayes-based machine learning algo-
rithm has been used to develop a decision-making system
to indicate the presence of salt in water.

Il. THEORETICAL BACKGROUND
The extension of the TL theorem offers a method for precise
and accurate conductivity measurement [33]. A single-axis
symmetry is the foundation of this approach. It gives a
free hand to choose any suitable shape and structure as
per requirement. To measure conductivity or capacitance the
single axis of symmetry is a necessity irrespective of perfec-
tion. According to an extension of the TL theorem [34], the
conductance value between an opposite pair of electrodes
is known as the cross-conductance. The cross-conductance
of a hollow circular structure with one axis of symmetry is
proportional only to its single-dimensional electrode length.
The circular cross structure as shown in Fig. 1(a) consists
of four electrodes labeled Ei, E;, E3, and E4 having an
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FIGURE 1. (a) Schematic of a circular cross sensor with shielding. (b) Equivalent
electrical circuit of cross sensor with cross conductance.
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FIGURE 2. Interfacing circuit of the sensor.

equal gap between each pair of electrodes. The circular cross
electrodes have been shielded using metal guards and its
electrical equivalent model is shown in Fig. 1(b).
The conductivity for circular cross sensor governed by
= 7Go (1)
In2
where o and G, are material conductivity (material placed in
a hollow section) and cross conductance per unit length [33].
The conductivity value can be measured by giving sinusoidal
signals (Vi,) at electrode E;. The electrodes E3 and E4 are
grounded while the cross conductance is measured between
the electrodes E1 and E;. An interfacing circuit is connected
at electrode E; which gives voltage corresponding to conduc-
tance value. The circuit comprises an inverting operational
amplifier with R as feedback resistance as shown in Fig. 2.
The cross-resistance between the electrodes Ei-E>, and
E3-E4 are Rgipz and Rgsgs, respectively. Therefore, the
corresponding cross-conductance will be Ggig2 and Gg3ga

1
Gl = and Gg3pq = . 2
Re1m2 RE3pa
The output V,, of the OPAMP is
—R
Vo= X Vin=—R X Ggig2 X Vin. (3)
Rei1E2

As Gy is cross-conductance per unit length therefore it
could be written as

GEe1E2

o= €]

where d is the thickness of the material/structure. Therefore,

the output voltage as per (1), (3), and (4) is
—0RVip (In2) d
- .

Vo = )
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Equation (5) gives the relationship between voltage and
conductivity values. The relationship reveals that the out-
put voltage depends only on the single variable parameter,
thickness (d).

lll. DESIGN AND SIMULATION

Two identical circular cross sensors were designed with
and without shielding using the COMSOL MULTIPHY SICS
5.6 software [35]. The geometrical structure of the sensor
was prepared using the “model builder section.” The model
builder facilities the option of adding geometry, material, and
physics as per the requirement of the structure. The structure
of the cross sensor was designed with geometrical parame-
ters: an effective area of 200 mm?, thickness of 1 mm, and
0.5-mm electrode gap. The material used for the electrode
available in the material section was copper. Further from the
physics section, in the ac/dc Module [36], the electric circuit
and electric current modules were added to perform simu-
lation of the interfacing circuit. The time-dependent study
was conducted using “the study section.” The sensor out-
put voltage was obtained through global evaluation from the
derived values in the result section.

An excitation signal with £2-V amplitude at 1-kHz
frequency was applied to the electrode El, whereas the
electrodes E3 and E4 were at ground potential. The sen-
sor was excited by ac signal of suitable frequency to
avoid the electrode’s polarization. The simulation was con-
ducted by varying signal frequency and amplitude. At
low frequency, electromagnetic interference, particularly, the
power frequency interference, influences the reading of the
sensor. This interference is reduced at higher frequency so
the relatively high frequency such as 1 kHz was selected. The
interference can be further reduced at much higher frequency
but at high frequency, the performance of the Opamp used
for interfacing the circuit is also reduced. Therefore, 1-kHz
frequency was found to be suitable for excitation. The out-
put voltage of the interfacing circuit is directly proportional
to the conductivity of the salt sample. So, to avoid Op-
amp output saturation, a low-amplitude ac signal was used.
Therefore, the simulation and the experiment were performed
at a low ac input voltage of 60 mV (RMS). The signal
received at the electrode E2 was further conditioned using
an interface circuit which gives the corresponding voltage
output (Vo). The sensor was designed to keep the size of
the sensor small so that a small amount of test sample is
required for conductivity measurement. However, the geo-
metrical parameters were optimized for better sensitivity.
The materials were selected such that the sensor includ-
ing the circuit can be fabricated at a low cost. A detailed
investigation of the design criterion that includes the size
of the sensor, the material of the electrode, the electrode
gap, the thickness of the sensor, and the effect of shielding
is reported in our recent work [38]. To keep the prototype
system inexpensive, the sensor and the circuit were inte-
grated on a copper cladded PCB. The sensor measured the
conductivity of the material placed inside the four electrodes.
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FIGURE 3. Electric field distribution with electrode gap. (a) 1 mm. (b) 0.5 mm.
(c) 0.25 mm.

The placed material formed the conductance Ggjgy of the
electrical equivalent circuit as shown in Fig. 1(b). The sensor
was first simulated by placing a thin layer of water having a
standard conductivity of 50 mS/m [37]. The output voltage
obtained corresponding to sensors S1 and S2 were —220.53
and —220.63 mV, respectively. The conductivity was then
calculated using (5). Sensor S1 yields a conductivity value
of 49.95 mS/m with an error of 0.10% whereas sensor S2
results in only 0.06% error with respect to the standard con-
ductivity value. The comparatively high error for sensor S1
is due to the fringing field effect which gets minimized in
S2 through shielding [38]. Hence, sensor S2 structure was
fabricated for experimental validation of the theory.

A simulation was performed on sensor S2 by varying the
insulation gap between 0.25 and 1 mm. The electric field
distribution profile of sensor S2 for different insulation gaps
is shown in Fig. 3. The surface plot confirms the dependence
of a smaller gap between the electrodes for establishing a
stronger electric field with minimal fringing effect.

The distribution of the electric field and, thus, the sen-
sitivity of the structure are significantly influenced by the
insulating gap between the electrodes.

IV. SENSOR FABRICATION AND EXPERIMENTAL SETUP
The proposed sensor was fabricated using copper cladded
glass fibre epoxy substrate in the lab. Constflick
Technologies Limited, China, provided the glass fibre epoxy
substrate (EC-9331). Four identical copper electrodes with
an inner diameter of 4.5 mm, a track width of 2 mm, and
insulating gaps of 0.25 mm were fabricated as shown in
Fig. 4.

The undesirable copper was chemically removed through
the etching process. The outer copper track acts as a guard
electrode to provide shielding. An accurate hollow space with
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FIGURE 4. (a) Glass fibre epoxy substrate with copper. (b) Masked sensor structure.
(c) Etched circular sensor. (d) Final sensor structure.

FIGURE 5. Sensor experimental set up with interfacing circuit.

a depth of 1.5 mm and a diameter of 4.5 mm was created
at the center of the four electrodes to hold the sample.

An ac excitation signal of 61 mV (RMS) with a
frequency of 10 kHz was applied using a function gener-
ator (SMG2042) to the electrode E;. The electrodes E3 and
E4 were kept grounded while the signal received at elec-
trode Ey was applied to the signal conditioning circuit. RF
connector and shielded cables were used to reduce the effect
of parasitic capacitances and noises as shown in Fig. 5. The
signal conditioning circuit was made using an operational
amplifier (LF356) and an RC low-pass filter. The output of
the circuit was observed on a digital storage oscilloscope
(SMO1104E).

The sensor response was measured for different conduc-
tivity samples. Commercially available TATA salt was used
for preparing 10 different salt samples having conductivity
values varying from 12 to 6000 mS/m. The samples were
labeled Sy, S2, S3 up to S1p. The samples were prepared by
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FIGURE 7. Sensor response curve with different salt samples.

mixing TATA salt of 0 mg, 100 mg, 200 mg up to 900 mg
in 30 ml of package drinking water.

A fixed volume of each sample was placed in the space
within the electrodes of the sensor using a micropipette
(LHC37112020). However, the position of the droplet in the
space may cause some errors in output voltage as reported
in [39]. To ensure, identical droplet volume and its posi-
tion, a hollow space at the center of the electrodes was
created and the droplet was placed in the space only. All the
experiments are performed at room temperature. The input
and output waveforms obtained for sample S» are shown in
Fig. 6. There is a change in the peak of the amplitude of
the output signal due to placement of conductive sample.

The change in output voltage with the variation of salt con-
centration is shown in Fig. 7. The output voltage increases
with an increase in salt concentration linearly from 0.0 to
3500 mg/100 ml with a resolution of 33 mg/100 ml. The
sensitivity of the sensor output is ~2 mV/(mg/100 ml). The
output signal can be easily scaled to a suitable level by using
another stage of the amplifier.

V. MACHINE LEARNING ALGORITHM FOR SALT
CATEGORIZATION

The proposed sensor is developed specifically to predict the
amount of salt present in food. A detailed experiment was

VOLUME 2, 2023
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FIGURE 8. Proposed model for classification of salt taste type.

conducted to make an intelligent decision about the presence
of salt in food.

Volunteers in the age group of 20-30 years belonging to
different geographical locations of India from two different
universities were involved to test salt samples and were asked
to give a decision in linguistic variables like very low salt,
high salt, etc. The volunteers were selected based on region,
culture, and food habits. To implement the Gaussian Naive
Bayes algorithm, a set of data have been collected using
a prepared questionnaire. In our work, the data was lim-
ited to 100 volunteers only. The probabilistic classification
model through a supervised learning technique called the
Gaussian Naive Bayes algorithm was implemented for the
categorizing amount of salt. The Gaussian Naive Bayes algo-
rithm is known to perform well on small to moderate-sized
datasets. It is based on the Bayes theorem and models the
probability distribution of each feature for each class using
a Gaussian distribution and supports continuous data [40].
The algorithm selects the class with the highest probability
as the predicted class for the data point. The flow chart of
the proposed model for the classification of salt taste type
is shown in Fig. 8.

For the survey, a series of samples with different unknown
salt concentrations were prepared. To record the volunteer’s
responses, the prepared questionnaire containing linguistic
identification of salt concentration was utilized. Eight dif-
ferent salt taste types were prepared and categorized as No
salt (N), Extremely Low salt (EL), Very Low salt (VL),
Low salt (L), Normal salt (NL), High salt (H), Very High
salt (VH), and Extremely Highsalt (EH). To achieve unifor-
mity and enhance the overall quality of data to improve the
accuracy of the classifier, data preprocessing was done. The
redundant data was filtered and processed. The processed
data were grouped into a training dataset (70%) and a test-
ing dataset (30%). The algorithm learns from training data
sets and finds mapping between input and output that gen-
erates the model. The model was evaluated by using 30%
testing dataset. To evaluate the performance and accuracy of
the proposed machine learning model, a confusion matrix
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TABLE 1. Conductivity comparison.

Sample Theter FSimulated T Expertmental
Name Salt (mg) mSm)  (mSm) (mS/m)
Si 0 12.72 12.72 12.65
Sz 100 824.00 825.18 792.69
S3 200 1476.00  1480.04 1404.74
S4 300 2090.00  2096.90 1997.16
Ss 400 2890.00  2906.67 2843.36
Se 500 3420.00  3427.63 3395.15
S7 600 4200.00  4237.40 4136.34
Ss 700 4600.00  4605.77 4586.07
So 800 4970.00  5015.56 4878.98
Sio 900 5830.00  5832.96 5835.09

was calculated. Also, mean square error (MSE) and root
MSE (RMSE) were calculated. The machine learning algo-
rithm was written and executed using Colaboratory [41] (a
product from Google Research).

VI. RESULT AND DISCUSSION

The working of the proposed salt testing sensor was first
carried out through simulation and then established via exper-
imental results. The physical dimension of the fabricated
sensor and the sensor for simulation were the same. The
comparison of the experimental data with simulation data is
shown in Fig. 9. The sensor output voltage obtained exper-
imentally is in good agreement with the simulated values.
An average error of 2.3% with an average relative standard
deviation (SD) of 1.7% was obtained. The error obtained in
the experimental result is due to the limitation in the accu-
racy of sensor structure design through the chemical etching
process.

To further examine the accuracy and performance of the
proposed salt testing sensor, the obtained voltages corre-
sponding to different salt samples have been converted to
conductivity using (??). The samples conductivity was first
measured using a commercially available conductivity meter
EUTECH Instruments CON 700 and then was determined
from the Vo of the sensor.

Table 1 shows the comparison of conductivity values of
different samples compared with the simulated (oSimulated)
and experimental (OExperimental)-
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Table 1 shows the effectiveness of the proposed salt tester
for measuring conductivity. The average error is +1.95%
as compared to a commercial meter having an accuracy of
4 1%. The calibration curve is shown in Fig. 10.

The precision of the sensor’s reading was established by
testing each salt sample 20 times to establish the proposed
sensor. The time between two consecutive measurements
was close to 2 min. While performing the repeatability test,
necessary precautions were taken to ensure identical envi-
ronmental conditions by keeping temperature and humidity
constant as far as possible. After each measurement, the
electrode was also properly cleaned. The sensor gave precise
readings with an average repeatability index [42] of £0.17%.
Fig. 11 shows the repeatability curve of a random sample
prepared with 10 mg TATA salt in 30 ml of package drink-
ing water. The SD and the mean SD (SDM) are only 1.13
and 0.25, respectively.

The primary goal of the proposed work is to develop an
intelligent salt tester to determine the salt concentration in
the food. The survey results obtained in Section V were
used to train the machine learning algorithm. The Gaussian
Naive Bayes classifier predicted salt taste types as indicated
in Fig. 12 based on thorough training.
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TABLE 2. ML predicted linguistic salt taste type.
Salt Taste Linguistic Salt Tester Conductivity
Type (mS/m)
1 No Salt in water (N) 0-762.89
2 Extremely low salt (EL) 763.98-1416.81
3 Very low salt (VL) 1417.90-2016.24
4 Low salt (L) 2017.33-2833.63
5 Normal salt (NL) 2834.72-4141.46
6 High salt (H) 4142.55-4577.39
7 Very high salt (VH) 4578.49-5994.21
8 Extremely high salt (EH) >5995.00
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FIGURE 13. Salt taste type for random 100 salt solutions.

The accuracy of the predicted salt taste type was found
to be 93.3%. It is calculated using a confusion matrix by
taking the ratio of the total number of correct classifications
to the total number of classifications. The MSE and RMSE
were calculated and these are 0.07 and 0.26, respectively.
An MSE value closer to zero indicates a good model.

The approximate interpretation of predicted results for salt
taste type through ML in terms of conductivity is shown in
Table 2.

The trained machine learning model was further tested
for random 100 salt solutions. The classification of salt taste
type is shown in Fig. 13 and found in accordance with the
result obtained in Table 2.
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The proposed structure has the potential to predict salt con-
centration in food. But initial experiments were conducted
by measuring salt concentration in package drinking water.
However, we have planned to conduct test to measure salt
concentration in food such as in different varieties of “dal,”
a common food item in India. The detailed investigation will
be reported as an extension of the present work in future.

VIl. CONCLUSION

This work presents a four electrode food salt tester based on a
cross-conductive circular structure. A detailed simulation on
COMSOL suggested that sensor S2 is suitable for the devel-
opment of the salt tester. Sensor S2 was fabricated and the
experiment was conducted from 0.0 to 3500 mg/100 ml salt
samples with a resolution of 33 mg/100 ml. The experimen-
tal results are found in accordance with the simulation results
with a maximum average relative SD of 1.7%. The machine
algorithm categorizes the conductivity in terms of salt taste
type. The overall accuracy to categories the salt concentration
is 93.3%. The accuracy could be further improved by increas-
ing the dataset to train and test the proposed ML model. A
simple sensor-based intelligent salt tester is developed to
classify the salt amount in food for various applications.
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