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Abstract - Rice moisture content is an important consideration in agriculture,

influencing storage stability, food safety, and economic value. The feasibility of ﬁi’;‘llv(;EE I-:IIS”f3011\(/[:1(rCh 2026
traditional measurement techniques for real-time monitoring in bulk storage is Revised @ 20 April 2026
limited since they are frequently intrusive, costly, or time-consuming. In this Accepted : 27 April 2026
study, a non-invasive Electrical Capgmtapce Tomography (ECT) deV1f:e fqr Published : 30 April 2026
determining the moisture content of rice in a vertical rectangular container is

developed. An Arduino Nano microcontroller, a signal generator, a four-channel KEYWORDS

ECT sensor, and high-speed operational amplifiers (LT1360 and LT1364) for
signal conditioning are all used in the suggested system. By monitoring changes
in permittivity brought on by moisture levels, the technique enables cross- Non-invasive measurement
sectional mapping without coming into direct touch with the grain. The testing Agriculture

results show that the system can differentiate between different moisture Sensor system

conditions, and that the voltage values for rice with moisture are significantly

higher than those for dry rice. In particular, phantom size and spatial arrangement

led to different voltage swings, with some installations reaching peak levels of

8.8V. The outcomes highlight ECT's promise as a cost-effective and dependable

substitute for real-time agricultural applications. Future work includes

optimization of circuit performance, tomogram image reconstruction and

machine learning calibration for industrial scale grain storage.

Electrical capacitance tomography
Rice moisture content

1. Introduction

Rice is the main food supply for billions of people throughout the world. The moisture content during storage and
processing greatly affects the quality of rice. While less moisture increases grain breakage during milling and decreases
economic value, excess moisture encourages mold growth and contamination. The available moisture measurement
techniques are not suitable for monitoring in agricultural applications as they are either intrusive, sluggish, non-portable
and costly. Electrical Capacitance Tomography (ECT) is a non-invasive approach to identify dielectric changes related to
moisture content. ECT permits monitoring without direct contact with the rice and delivers cross sectional data, unlike
point probes. This strategy is certainly useful in bulk storage systems where changes in moisture can affect the overall
quality of rice. This project is focused on the design and development of a four-channel ECT sensor jig for the detection
of moisture in rice in vertical containers, implementing electronic measurement circuits like signal generators and signal
conditioning and assessing the performance of the sensor for the differentiation of moisture conditions. The proposed
system aims to illustrate the potential of ECT for agricultural applications by offering a reliable and cost-effective means
of monitoring rice moisture.

1.1. ECT Current Research

Rice moisture content monitoring is necessary for food safety, increasing milling yield and storage stability. Studies have
shown that moisture levels above 14% will enhance the occurrence of mold and aflatoxin contamination [1], whereas
moisture levels below 12% will increase the breakage of grain during milling [2]. Traditional methods like oven drying
(AOAC Standard 934.01) are accurate but time consuming and invasive, and thus impractical for large scale or real time
monitoring [3]. Few alternatives in sensor technology have been explored. Capacitive and radiofrequency handheld
probes are simple and portable for measurements, however they are limited to specific regions and often ignore spatial
differences in bulk materials [2]. Then, near-infrared (NIR) spectroscopy provides accurate surface moisture detection
but is expensive and sensitive to sample texture [4]. However, microwave resonance techniques are less suitable for
normal agricultural use since they need a difficult calibration even if they can profile moisture internally [5], [6]. These
drawbacks point to the need for advanced, portable, non-invasive and affordable techniques.
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Electrical Capacitance Tomography (ECT) is a promising technique for this problem. ECT is a technique that allows
the cross-sectional and volumetric mapping by detecting permittivity variations due to moisture differences without the
necessity of destructive sample [7]. Research has demonstrated its usefulness in monitoring soil moisture [8], coffee bean
drying [9], and grain storage [10]. Recent advances, such as multi-electrode arrays and machine-learning calibration, have
enhanced the accuracy to within +2% compared to X-ray CT [11], [12]. These findings indicate the reliability of ECT as
an approach for moisture measurement in the field of agriculture and ECT is a good tool for the assessment of the moisture
content of rice during storage.

1.2. Basic Principle of ECT

Electrical Capacitance Tomography (ECT) is an imaging approach capable of imaging the permittivity distribution inside
a material without damaging the material [13], [14]. ECT is widely employed in many applications such as industrial
process control, multiphase flow monitoring, and detection of soil moisture content in agriculture. The electrodes are
arranged around a preset area and the capacitance between pairs of electrodes is measured, the variations in permittivity
are utilized to reconstruct the image. The basic principle of ECT connects on the relationship between capacitance (C),
voltage (V), and charge (Q), described by the following equation:

c== (1)

This formula demonstrates the direct correlation between capacitance and the amount of charge stored per unit voltage.
In actual ECT systems, a transmitting electrode is subjected to voltage stimulation, and the potential changes that arise
are measured by the receiving electrodes. These voltage readings indicate changes in the electric field, which are
dependent on the dielectric material's permittivity between the electrodes.

Voltage signals are more frequently quantified in real-time systems than raw capacitance because they are easier to
digitize. Water's high dielectric constant (~80) in comparison to dry air or grains makes it useful for measuring moisture
content since the change in measured voltage indirectly signals a change in capacitance due to material permittivity
changes [15]. As a result, the presence of moisture causes notable changes in permittivity, which in turn modifies the
voltage response of the system. ECT image reconstruction is led by Poisson’s equation [16], [17], [18], [19], [20], a basic
equation in electrostatics, where @ is the electrical potential, € is the electrical permittivity of the material, p is the electric
charge density, and V is the divergence operator:

V.(eVDP)=—p €))

This formula demonstrates how variations in electrical permittivity (&) affect the electric potential distribution (P), which
in turn influences the voltages measured between electrodes. For this reason, spatial permittivity distribution is used in
ECT imaging instead of resistivity or direct conductivity. The permittivity of water is significantly higher than that of
most dry materials. This makes it possible for ECT to efficiently identify the distribution of moisture. For instance, a
study used ECT to demonstrate grain moisture sensing. Moisture patterns that point-based probes would overlook can
be found using this method. To monitor voltage changes brought on by fluctuations in permittivity brought on by moisture
during rice storage, a capacitance sensor has been created. ECT creates volumetric, cross-sectional pictures, in contrast
to resistive or NIR techniques. Because of this, it's a better choice when moisture is dispersed unevenly.

2. Materials and Methods

Using a four-channel sensor configuration, the suggested Electrical Capacitance Tomography (ECT) was created to
identify the moisture level of rice in a vertical container. As seen in Figure 1 below, the process consists of an ECT sensor,
sensor jig design, and electronic circuit construction. The hardware system consists of a signal generator circuit, which is
a function generator and demultiplexer, a vertical rectangular rice container with an ECT sensor jig, a signal conditioning
circuit and an Arduino controller. The signal generator supplies the required frequency and voltage to the selected
transmitter, while the demultiplexer enables transmitter switching. Signals received at the receiver channels are amplified
by the signal conditioning circuit. Then, the Arduino controls channel switching and manages transmitter and receiver
selection and performs analog-to-digital conversion (ADC) so the sensor data can be processed and displayed on a
computer.

2.1. Project Setup

This setup in Figure 2 includes a function generator that supplies a 500 kHz frequency and 10 Vpp voltage. These signals
are connected to the ECT sensor channels, which are attached to a sensor jig surrounding the rice container. This non-
invasive arrangement ensures no contamination of the rice. The transmitted and received signals are then read and
observed using an oscilloscope.
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Figure 1. Basic block diagram of the project
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Figure 2. Project setup

2.2. ECT Sensor

The sensor used for this project is the ECT sensor. The concept of this sensor involves detecting variation in electrical
permittivity distribution in a container. In this project, a rice container is used, where the contents act as a dielectric
medium. The electrode array is placed around the container wall. Figure 3 shows the actual ECT sensor used in this project,
whose the sensing area has dimensions of 90 mm in height and 20.57 mm in width.
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Figure 3. ECT Sensor

There were two designs proposed for this project. The initial design used a cylindrical rice container with a diameter of
75mm and a length of 200mm. The sensor jig was designed using Solidworks, as shown in Figure 4 (a). It has the same
diameter as the container and includes four vertical slots to mount the ECT sensor channels around the circumference,
each with a length of approximately 155mm. This project designs the hardware considering a non-invasive way. Figure 5
below illustrates the final of the first design, which includes the rice container at the center arranged vertically along with
the sensor jig. However, the jigs were not practical and had imperfect printing, so the ECT vertical sensors were not able
to be attached properly and probably were not really practical to make sensor readings, and reading measurements might
not be accurate. So, a new square shape of rice container was proposed, and an improved design of sensor jig was created
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to overcome the issues. The square geometry simplifies the jig’s printed surface, ensuring a better fit against the container
walls. The rice container has roughly a width of 176 mm with a length of 250 mm. The sensor jig was designed using the
3D software Solidworks. The sensor jig also has the same size as the container, wrapping around the container with 4 jigs
to attach the four channels of the ECT vertical sensor around the circumference of the rice container, which the jigs
each have approximately 180 mm of length for the sensor. Figure 4 (b) illustrates the final design.

(b)
Figure 4. (a) Initial design of sensor jig; (b) Final design of sensor jig

Four-channel ECT sensors are placed in a non-invasive way around the outer side of the rice container, and each
channel can operate as either a transmitter (Tx) or receiver (Rx). During the experiment, one channel acts as the transmitter
while the other three function as receivers. This step is repeated until all channels have been used as the excitation
source. The sensors are attached to a vertical sensor that surrounds the rice container without any contact with the rice
inside the container. Figure 5 shows the arrangement of the sensors, showing an example where channel 1 is the
transmitter and other channels are receivers. The phantoms are cylindrical containers of several sizes (small, medium,
and large) with black lids. The container was made of plastic. These phantoms were filled with moist rice to better
represent moist rice regions inside the dry rice bulk. This configuration enables the system to evaluate its ability to
determine moisture induced localized permittivity variation.

An image of
wet rice being
put in a round
container with

a black top

Figure 5. ECT Sensor Arrangement

2.3. Electronic Measurement Circuits
The electronic measurement technique has two main circuits, which are the signal generator circuit and the signal
conditioning circuit. The signal generator circuit consists of a function generator and a demultiplexer circuit. Figure 7
shows a basic illustration of the demultiplexer that is used in the system. The demultiplexer is connected to the function
generator and is responsible for selecting which channel will act as the transmitter (Tx). This setup allows any channel to
be chosen automatically as the transmitter, eliminating the need for manual switching, which can be time-consuming. The
selection process is controlled by programming the Arduino controller. Unfortunately, the development of an automated
switching circuit for the channels was discontinued due to time constraints; consequently, the switching was performed
manually.

The signal conditioning circuit consists of anon-inverting amplifier circuit and a peak detector circuit (refer to Figure
6). The non-inverting amplifier circuit, which is to amplify the signal transmitted at the receiver, is connected to the peak
detector circuit to detect the peak of the voltage from the amplified signal. In this project, LT1361 is used for the non-
inverting amplifier circuit because it offers fast response, low power consumption, and low distortion, making it ideal as a
single high-speed operational amplifier. Meanwhile, the LT1364 is selected for the peak detector circuit for its ability to
respond quickly to fast voltage changes and provide accurate peak detection. As a quad high-speed operational amplifier,
the LT1364 delivers fast signal response, high accuracy, and low noise, ensuring reliable peak signal capture even during
rapid voltage fluctuations. Figure 6 also shows the simulation result of the amplified signal voltage, which is 3.44 V that
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is close enough to the calculated output. In Figure 6, the yellow line represents the output reading signal from the Rx
(receiver), and the blue line represents the amplified signal, meanwhile the purple line represents the peak detector signal.
However, when the simulated circuit was applied to the real circuit, the output from the sensor reading was not amplified,
and the peak detector did not come out as expected, which should have been the straight line (see Figure 7).

Non-Inverting
Amplifier Circuit

Tektronix 115 2024

0ooooo

Figure 7. Real circuit construction and result

Thus, a second version of a non-inverting amplifying circuit simulation on Multisim was developed to at least amplify
the output from the sensor’s receiver channel. The op-amp IC was also changed from LT1361 to LT1360 because the
LT1361 is a dual package that contains two op-amps, and the circuit design required only a single amplifier, so the LT1360
was chosen to match the circuit, considering that it is the single version with the same performance characteristics as in
Figure 8(a). The circuit designed in the Multisim simulation was implemented on the breadboard, with the resulting data
presented in Figure 8 (b).
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Figure 8. (a) Second version of the circuit of signal conditioning; (b) Example output of the second version of the non-
inverting circuit for channel 2 and channel 3

The output of the real construction of the second version of the circuit was successfully amplified, and readings of
Channel 2 and Channel 3 were captured, achieving the gain, except for the peak detector part. Later, the sensor
performance is evaluated based on the voltage amplitudes of the amplified signals collected during each test condition.
Then, the overall measurement cycle will be made until each channel has been used as the excitation source, and there will
be 12 data points for all 4 channels of the receivers (refer to Table 1). The ‘x’ mark will be recorded with the amplitude
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values. The recorded results for this project are focused on when channel 1 was set as the transmitter, and the other three

channels as the receivers.

Table 1. Measurement data table for 4 channels of ECT sensor

Tx/Rx Rx1 Rx2 Rx3 Rx4
Tx1 X X X
Tx2 X X X
Tx3 X X X
Tx4 X X X

2.4. GUI for Data Analysis

A MATLAB App Designer GUI was developed to simplify data analysis. Graphs were plotted using the ‘UlAxes’
component, images displayed with ‘Image’, and experimental conditions selected via a ‘DropDown’ menu. A “Plot”
button was added to execute graph plotting for each condition. As the components have been set up, the coding has to be
executed. Whereas the most important part is when the plot button was clicked, MATLAB would load the data from a
CSV file that has the experiment results to be displayed and plotted in the graph, and an image will load according to its
respective selected condition simultaneously. There are 7 conditions, but the 8th one is the comparison of all conditions,
where the app loops through all seven CSV files and extracts one transmitter row from each and overlays them on the
same graph plot with labels. Then, Figure 9 shows the MATLAB offline GUI interface for better and smooth analysis for
each condition.

4| MATLAB App = o x
. i Dropdown menu for
Rice Moisture ina Offline Analy / choosing conditions
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w

Valtage (mV)
[
el

Real image display panel

Line graph display panel

Figure 9. MATLAB Offline GUI Interface

3. Results and Discussion

The purpose of this experiment is to see whether there are any differences in the output taken from the oscilloscope under
different conditions of when the rice in the container had moisture obstacles, with and without moisture, tested with
several conditions like differences in size, position, and number of phantoms. The readings are recorded for comparison
during the data analysis. The GUI was used for easy data analysis in this part. The material of the obstacle used was moist
rice filled in phantoms with a 75mm diameter and 135mm height for the small sized phantom, 75mm diameter and 230mm
height for the medium sized phantom, and 110mm diameter and 240mm height for the large sized phantom, placed at
several positions in the rice container. Figure 10 shows an example of the rice in the container along with the other
condition that varies.
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(b)

Figure 10. Example of the rice in container along with the other condition that varies.

Figure 11 shows the comparison of voltage readings between rice-only and other conditions, which are the rice in the
container put together with phantoms with different sizes at the same position, which is the center. The comparison
between rice-only and rice with phantoms of different sizes shows a difference in voltage responses between the receivers.
For the rice only condition, the readings were low. When small, medium, and large phantoms were included, the voltage
increased significantly. The small and medium phantoms have a similar average output, which is 5.73V, while the large
phantom has an average output reading of 5.25V. These readings show that phantom size affects the dielectric response
differently.

[

Voltage (V)
OB NWAEUONOWO

=8=—"Small Phantom of Moist
Rice at Centre (75mm x 5 3.4 8.8
135mm)
=@=Medium Phantom of
Moist Rice at Centre 58 36 78
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Large Phantom of Moist

Rice at Centre (110mm x 54 3.6 6.8
240mm)
==@=0nly Rice (No obstacle) 3.8 28 4.4
Receiver (Rx)

Figure 11. Comparison of voltage readings between the rice-only and various phantom sizes positioned at the same
location

Besides, Figure 12 shows that the results indicate that the "Only Rice (No obstacle)" condition consistently produces
the lowest voltage readings across all three receivers compared to the conditions involving moist rice phantoms. The
"Medium Phantom of Moist Rice at Bottom Left" and "Centre" positions show a considerable increase in voltage at
Receiver 3 with peak values of 8.8V and 7.8V respectively. Receivers 1 and 2 display generally steady or slightly
diminishing trends, whereas Receiver 3 has the highest sensitivity to the spatial positioning of the moist rice phantoms.
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Figure 12. Comparison of voltage readings between rice-only and other conditions with same size of phantom at
different positions
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It can also be shown in Figure 13, that the experimental findings of both tests show that the voltage readings are
always higher when the rice phantoms are moist than when there is no impediment (just rice). Receiver 3 is the most
sensitive to the spatial changes with a maximum voltage of 8.8 V for one medium phantom and 7 V for numerous small
phantoms. Although Receivers 1 and 2 have more reliable answers, the aggregate results reveal that the system correctly
distinguishes different phantom topologies and positions using voltage variations.
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Figure 13. Comparison of voltage readings between rice-only and multiple phantoms

4. Conclusions

ECT was proved to be a non-invasive way to measure the moisture level of rice in a container and prevent the natural
process of the rice tested. The results show that the presence of water impacts the voltage responses among the receivers
but the voltage responses are lower in the rice-only condition. The phantom size also caused significant changes in voltage
showing the effect of spatial position on the sensitivity of the device. The system was capable of differentiating between
complex compositions as adding more than one phantom consistently provided greater readings than the baseline rice-
only. The work shows the potential of ECT as a non-invasive real-time tool to monitor crop moisture. Future work
includes improvement of circuit performance, including tomogram reconstruction for spatial imaging and scaling of the
system for industrial grain storage applications.
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