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Highlights
« This paper focuses on the construction of 3D moisture maps in soil.
* A hybrid system is developed to collect and transmit the moisture data wirelessly to a data server.
« 3D moisture levels are detected and recorded at high accuracy for agricultural purposes.
« In-depth moisture profiles of agricultural fields were made accessible to farmers.

Article Info Abstract

Over-irrigation without considering the soil property reduce the product yield and variety in many
Received:15/04/2020 agricultural areas. In this study, it is aimed to produce a more useful, and user-friendly 3D soil
Accepted: 05/09/2020 moisture detection system by using wireless communication across the agricultural areas. The

deficiencies of agricultural land can be eliminated in terms of irrigation, product variety, and
product yield. 3D moisture information obtained from the soil can be transferred to a database

Keywords system and the farmers can use this system to cultivate across the correct fields. A capacitive soil
Moisture moisture sensor is deployed as a sensor unit. Each sensor unit with its electronics is placed in a
Dielectric PVC pipe with a specific length. This PVC pipe is placed vertically in the soil with sensor
Neutron scattering electrodes contacting the soil. Moisture measurements are carried out across the agricultural area.
Capacitive sensor The system provides 3D moisture maps of the soil at fixed depths. Each 3D map represents a sub-
Wireless sensors surface moisture layer. The sensor units are calibrated by measuring the moisture in the water,

corresponding to %100 moisture in the soil, and the moisture in dry air, corresponding to %0
moisture in the soil. A percentage moisture determination formula is developed between these
two extreme levels for each sensor unit. Hence the benefit of the results will be the knowledge of
% moisture values in-depth profile of the agricultural areas. Farmers will have comprehensive
and real-time information about moisture data and this data will help them to grow better crops.

1. INTRODUCTION

It is an inevitable necessity to increase agricultural yield every year, due to the increasing need for food in
parallel with population growth [1]. Soil moisture is one of the most important factors in terms of
agricultural production [2]. Generally, the water moisture at 25 cm depth from the surface of the soil is
available for most of the popular plant roots. Soil moisture must be measured carefully to determine the
correct amount of irrigation water that will be used by plants in the soil. Since plants cannot benefit from
all the water in the soil, they can utilize the water between the field capacity and the minimum amount of
water they use. These are the two important characteristics of the soil. Research shows that the water level
or moisture level suitable for plant growth in soil should be between 25% and 75% depending on the plant.
The amount of moisture that can be consumed by different plants at different depths in the soil is
characteristically different. Different plants have different root depths between 10cm and 100 cm. Hence
the sensor units must be placed at different depths to gather better moisture information. Soil moisture is
an important factor affecting the growth and productivity of the crops. Accurate determination of spatial
and temporal change of soil moisture is important in terms of water irrigation requirements and different

*Corresponding author, e-mail: h.koyuncu@outlook.com


http://dergipark.gov.tr/gujs
https://orcid.org/0000-0002-8444-1094
https://orcid.org/0000-0002-2253-0630
https://orcid.org/0000-0002-0507-3431

85 Hakan KOYUNCU, Burak DURMAZ, Baki KOYUNCU/ GU J Sci, 34 (1): 84-98 (2021)

agricultural programs [3]. Agricultural productivity can be increased with regular and controlled irrigation
practices so that environmental damage can be reduced because of excessive water use.

Soil moisture can be determined in two ways: direct (gravimetric) and indirect methods, [4]. The direct
method is based on the principle of determining the mass of water, while the indirect method is based on
the variation of the physical and physicochemical properties of the soil depending on the amount of water.
The major disadvantages of the gravimetric method are the damage caused by the soil and the measurement
process requiring a long time. With the indirect method, moisture determination is carried out by sensors
permanently placed in the soil or by sensors placed in special slots in the soil. The most important feature
of the indirect method is the ability to enable frequent and continuous measurements in a much shorter or
longer time compared to the gravimetric method without damaging the soil, [5].

Due to technological improvements [6,7], soil moisture measurements are carried out by using soil moisture
sensors rather than a gravimetric approach. There are many soil moisture sensor units and techniques such
as Tensiometer, Dielectric techniques of Time Domain Reflectometry (TDR) and Frequency Domain
Reflectometry (FDR), Time Domain Transmission technique, (TDT), and Neutron scattering technique are
developed for the purpose of moisture measurements.

In general, soil moisture sensor units make accurate moisture measurements close to the soil surface. Some
of the advantages of using moisture sensors at shallow depths are fast monitoring soil moisture, with little
or no maintenance while remaining in the ground during the winter season and the decrease in their costs
in recent years. The amount of moisture required for optimum development of the plants can be determined
by using these sensors. Hence, they are used in irrigation applications due to easy calculations of water
volume for different plants compared to other methods, [8]. In modern agriculture, moisture information is
required for both shorter and longer plant roots. Hence different plants can be grown together in small
agricultural areas. Finally, this increases productivity in present agriculture. In this study, the novelty lies
with the construction of 3D maps of soil depth profiles up to 1 meter. Previously the surface soil depth of
a maximum of 50cm was studied for moisture distribution. Currently, 3D visualization of deeper depths is
provided with the developed system. The system has the potential to map the moisture values at any soil
depths.

Hence, a literature survey is given in section 2 after the general introduction in section 1. A detailed
explanation of the capacitive sensors and their circuitry is presented in section 3. Control programming
with the GUI for the sensor system which provides the user interaction is illustrated in section 4.
Experimentation across the agricultural field and the 3D mapping of the %moisture values are given in
section 5. Measurements of data from the sensors and calculation of % moisture values together with GUI
operations are presented in procedure section 6. Finally, Conclusions about the design and operations of
the sensor system and measurement results are displayed in section 7.

2. THEORY OF SOIL MOISTURE SENSORS

A literature survey is given in this section about the moisture sensor units. Their characteristics and
operations are summarized. The determination of soil moisture content by conventional methods gives
reasonably accurate results. But they have deficiencies such as soil damage, high cost, and long operation
time, [9]. Different sensor systems have been developed to determine soil moisture through technological
advances over the last two decades, [10]. Some of these sensors require the manual acquisition of soil
moisture readings, while others record soil moisture continuously.

Additionally, some researchers have emphasized that due to the spatial and temporal variability of soil
moisture, the measurement accuracy drops down to lower values. Cheaper sensors should be used to
increase the measurement density, [10,11]. Similarly, the presence of temperature and salt in the growing
medium harms the sensor readings. Munoth et al. (2016) reported that the efficiency and profitability of
agricultural operations are increased by developing wireless sensor applications in agriculture [12].
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Initially, the Tensiometer is a soil moisture sensor used to measure the soil potential when the soil is not
too dry. Tensiometers have a plastic body filled with water, a permeable ceramic tip, and a manometer [13].
As the amount of moisture in the soil decreases, the soil begins to dry, and the water stays around the plant
roots. After the tensiometer is placed in the soil, the water passage from the ceramic end to the earth starts,
depending on the amount of moisture in the soil. As the soil around the ceramic end absorbs water, a vacuum
is formed in the tensiometer. This vacuum is monitored from the manometer gauge [14].

The dielectric technique is called the Electromagnetic Reflection Technique and is based on the dielectric
property of the soil to measure the soil moisture content. The basic concept behind the dielectric technique
is that there is a great difference between the dielectric constant in dry soil and the dielectric constant in
pure water [15]. There are two different methods, TDR and FDR, for measuring soil moisture based on
dielectric constant. TDR is based on sending electromagnetic signals from a source through several probes
placed in the ground. The signal in the form of a single pulse travels along with the probes and hits the
ground. The returning signal comes back to the source as a reflection. The presence of more water in the
soil leads to higher dielectric forces by further slowing the transition speed which leads to time variations
[16,17]. The tendency of farmers to make excessive irrigation and fertilization threatens the environment,
especially in groundwater, and hampers sustainable agriculture. Zotarelli et al. (2008), states that using soil
moisture sensors based on the TDR method will save 33% to 80% of irrigation water [18]. In parallel with
the increase in technology, determining the irrigation water requirement by using humidity sensors
connected to automated systems and recording and analyzing the moisture values in large databases allow
irrigation management to be managed remotely [19-21].

FDR method works very similarly to the TDR method. However, while TDR measures the travel time of
electromagnetic waves, FDR measures the frequencies of electromagnetic waves [22]. Xiao et al. (2013),
In a study of paddy plants, integrated the FDR sensors into the wireless system and measured the soil
moisture content, and managed to transmit the collected data wirelessly to a remote data management
center, [23]. Smajstrla and Locascio (1996), reported that the irrigation water requirement could be reduced
by 40% to 50% without loss of yield as a result of irrigation applications of tensiometers [24].

The soil moisture sensor based on the TDT technique measures the spread time of the unidirectional
electromagnetic pulse along a transmission line. It is like TDR but requires an electrical connection at the
beginning and the end of the transmission line [25]. However, the circuit is simpler than TDR instruments
[26]. Neutron scattering method is based on the detection of hydrogen atoms in the water by slowing down
the neutrons scattered from the radioactive source of hydrogen atoms with a high deceleration capacity.
Since the major source of hydrogen in the soil is mainly water, the slow neutrons counted around the fast
neutron source are a good way to measure the soil water content [17]. However, the use of the neutron
scattering method in some cases causes expensive, difficult, or impossible readings [27].

There are some moisture detection systems which are developed in recent years. They also tried to plot
2D/3D moisture values in different non-agricultural areas. Hervai et al. (2017) developed a 2D and 3D
model to interpolate monitored soil moisture. Soil moisture temporal changes are visualized in hourly time
intervals. Soil moisture spatial distribution could be obtained and plotted at any cross-sections. The
maximum depth used for moisture detection was 55cm [28].

Shamir et al. (2018) focused on the subsurface spatial electromagnetic mapping of physical properties,
mainly moisture content, using ground-penetrating radar (GPR). They make this spatial method useful for
agricultural practice and the design of irrigation plans for different interfaces [29]. Liu et al. (2020),
proposed a mapping technique for root zone soil moisture by ground-penetrating radar. This method
reconstructs 2D/3D distributions of soil moisture between 0.2 to 1 meter by using spatial interpolation. Soil
moisture distributions mapped by the radar matched the real moisture values reasonably well [30].

Studies have shown the advantages of low-frequency (5 GHz) microwave sensors for soil moisture
estimation. Higher frequencies have also limited soil moisture detection capabilities, there is a vast quantity
of systematic global high-frequency microwave data that have been collected. Jackson et al. (2002),
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proposed a moisture retrieval technique that used multi-polarization observations for the designated region.
Algorithmic parameters from the observations were developed and tested [31].

The resistive soil moisture sensor is the type of sensor unit developed in the last 2 decades [32]. It is called
a resistance moisture sensor unit. It consists of a sensor card and soil moisture sensing electrodes. Moisture
measurement is carried out by placing two electrodes of the sensor unit in the ground to measure the direct
current resistance between the electrodes. This resistance change depends on the nature of the soil and the
components such as fertilizer and frequent plowing of the soil. This measurement technique is a laborious
one. Furthermore, corrosion of the sensor electrodes is a major problem. The voltage output generated from
the resistive soil moisture sensor is small hence the sensitivity of the moisture levels is low compare to
other sensors. See Figure 1.

Figure 1. The resistive moisture sensor unit
3. CAPACITIVE MOISTURE SENSOR
3.1. The Capacitive Type Soil Moisture Sensor Unit

Capacitive type sensor unit is a recently developed technology and since it is deployed in this study, a
separate section is devoted to these sensors. The sensor unit deploys a pulse voltage that can be used for
expensive soil moisture analyzers to measure the changes in capacitance across the sensor electrode due to
humidity [33,34]. Since it is not attached to any electrical resistance and capacitance, it can be used in a
waterproof environment without being exposed to the soil. Additionally, the top of the sensor electrode is
covered with copper foil and there is no concern about corrosion. It is a simple sensor and it accurately
measures the soil moisture. See Figure 2.

Figure 2. Capacitive soil moisture sensor module

The capacitive sensor unit consists of an electronic board at one end and a capacitive electrode at the other
end [35]. There is a CMOS timer IC "TLC555" which works as an Astable Multivibrator and the relevant
electronics circuitry generating a DC voltage corresponding to soil moisture on the board as seen in Figure
3.
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wire color ) Regulator

Figure 3. Capacitive type soil moisture sensor onboard circuitry

DC voltage of 5V was used as the power source. Astable multivibrator generated a square wave signal of
400 kHz with a 50% duty cycle in the circuit. R2 constant resistor and the unknown capacitance value
generated by the sensor electrode of the capacitive sensor unit integrated the square wave and converted it
to a triangular wave. The integrator output waveform is applied to a diode rectifier circuit combined with a
forward-biased NPN diode and an RC parallel circuit to generate a DC voltage proportional to the moisture
level across the capacitor electrode.

Calibration procedures declared that the dry air produced around 2.5 V DC and a water media produced
around 1.3 V DC as maximum and minimum threshold voltages for each sensor unit [36,37]. The capacity
of the sensor is shown proportional to:

Csensor oc (Lwater X Ewater + Lair X Eair ) (1)

L is the height of water/ air; E is the dielectric constant of water/air. 1f the humidity of the soil changes the
capacitance of the sensor will change and the RC time constant of the integration circuit will change.
Consequently, the peak value of the integrated waveform in triangular shape changes. As a result, when the
moisture is low, representing a low level of water content in the soil, the output DC voltage is high and
visa-versa when the moisture is high. DC output voltage is interfaced to an onboard analog to digital
converter of an Arduino board to convert the DC voltage into binary data.

3.2. Comparison of Capacitive and Resistive Soil Moisture Sensors

The characteristics of the capacitive sensor and the resistive sensors are slightly different from each other
in terms of output voltages. The resistive sensor can produce a digital value between 281-688 while the
capacitive sensor can produce between 232-596. The difference between these digital values depends on
the output voltage and input current values of the sensors. Both sensors have an output voltage interval
between OV and 3.3 V dc. But resistive sensor draws a current of 35 mA while the capacitive sensor draws
acurrent of 5.5 mA. This allows the capacitive sensor to save more energy from the deployed power source.
Capacitive sensors produce more accurate and stable results when producing repeatable results. Hence, it
may be more appropriate to use capacitive sensors for medical and meteorological applications requiring
high sensitivity. The less expensive resistive sensors are more practical to be used during less frequent
moisture measurements. In the moisture experiments with soil, the data from resistive sensors are found to
be inaccurate and unstable. This is because there is more than one way for the current to move from one
electrode to the other electrode of the sensor due to its U shape. Hence the measured moisture values change
randomly. On the other hand, the electrode of the capacitive sensor is on the same sensor body and the
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current variations are small across the electrode compare to the resistive sensor. Hence capacitance values
obtained in real time do not show large variations. Consequently, capacitive sensors give more accurate
moisture measurements. As a result, capacitive sensors are deployed in this study.

The biggest problem with the resistive sensor is the wear of the sensor electrodes due to the flow of a DC
which causes the electrolysis of the sensors. There are solutions such as supplying the sensor with AC, but
it is a DC that works best in practice. The capacitive sensor not only prevents corrosion but also allows the
soil's moisture content to be read better in contrast to the resistance measurement. It does not measure
moisture because of the bad conductivity of water flow. It measures moisture from moisture-soluble ions.
For example, adding fertilizers and adding water will reduce soil resistance. Capacitive measurement
mainly measures the dielectric generated by the soil and is the most important factor forming the water
dielectric.

4. PROGRAMMING

Various software packages are employed in numerical quantization of moisture values in soil and for the
development of the moisture detection system. Database storage of moisture values and their manipulations
together with graphical representations are carried out in real-time. A summary of these software packages
is presented here and the applications of them are given in section 5. Two programs are deployed in this
study. The first program is the Arduino transmitter and receiver programming which controls the data flow
from sensor units to the main computer. The second program is used for the calculation of moisture data,
the storage of moisture data, and the representation of the data in a GUI. Program flow charts are given in
Figure 4.

A wireless transmitter is deployed for transmitting moisture data on the side of the sensor unit and a wireless
receiver is deployed on the side of the main computer to receive the transmitted data [38]. Each sensor unit
has a calibration phase for calculating the minimum and maximum moisture threshold values before putting
them in the soil. Once the sensor units are placed in the soil, further calculations are carried out by
programming to compute the output binary values and percentage humidity values of the sensors. The
Arduino program checks whether the measured binary values are within the boundaries of minimum and
maximum thresholds. If the binary data is not in the threshold boundaries, the program corrects this by
taking new measurements until the value is within the threshold boundaries. If the error persists, binary
data is equated to the relevant threshold values. Once the correct values are obtained, These values are
transmitted to the receiver end on the main computer as defined in Figure 4b.

The receiver which receives moisture data conveys this data to the computer through a USB port. Initially,
a wireless communication protocol is employed between the transmitter and the receiver when the receiver
is turned on to transfer the data packages correctly. The receiver program identifies the data packet it has
received from the transmitter. It checks if it is from the desired transmitter. If so, the incoming data is
extracted and it is passed to the computer through another Arduino board. If a connection with the
transmitter cannot be established, 5 more connection attempts are carried out. If no connection is possible
the receiver terminates the communication. If a connection is established within these attempts, the packet
is checked to see if there are any moisture data again.

The main program was constructed in the C# language. A graphical user interface, GUI, was introduced to
control the flow of moisture data from the sensor units to the database. The program software was created
using the .net framework of visual studio. Once the program is launched, two operations are carried out
simultaneously. Firstly, the GUI for the sensors was displayed on the computer monitor. Secondly, the
program checked the COM ports of the computer to find the receiver connected via a USB port. Once the
start button was initiated, a timer of 500-millisecond interval for obtaining moisture data from the sensor
unit was set. Sensor measurement values are tabulated in the time domain according to which sensor button
is activated in the GUI. Furthermore, each sensor button displayed the moisture percentage data versus time
graph once it was pressed. ZedGraph was used to display all the graphs in the GUI. It is open-source
software that has better graphical features compared to the built-in version in visual studio. All sensor
graphs could be visually seen to identify the %omoisture levels at a given location. These measurement data
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can be stored in an Excel file or exported to an SQL database in the computer or can be stored in the cloud
via google drive. Google APIs are used to store the data in the cloud. These moisture measurement data are
used to construct 3D moisture maps of a given agricultural field. The benefits of the software that are
developed in this study are the automation of data transfer through wireless communication between sensors
and the computer. The second important advantage of the software in the development of the 3D moisture
maps which provides a better understanding of the agricultural areas.
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Figure 4c. Program flowchart

Control buttons are included in the GUI to export the moisture data to Excel, MY SQL database, and Google
drive. Excel library is included in the program to export the moisture data table to Excel. Pressing the Excel
Button creates a new workbook, and the data rows and columns are transferred to Excel. MYSQL Server
Express is employed to store the moisture data in a database. A table in a database is created by pressing
the MYSQL Server button in GUI. Then the data types which are defined previously are transferred to the
data columns with the same names. Google Drive API is deployed by introducing a special plugin in the
program [39]. After introducing the Google Drive API to the computer and logging into the account, the
google drive button is pressed to transfer the files. The data file which is selected from the file manager and
previously transferred to Excel from the computer is now uploaded to the Google Drive account. This
download increases or decreases according to the size of the Excel file.
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5. EXPERIMENTS

In this study, A sensor system with 4 capacitive sensor units and their electronic circuitry is constructed.
Each sensor unit is mechanically fixed at the end of a PVC pipe with a radius of 2cm exposing only the
sensor electrode. 4 sensor units are organized with a 25 cm depth distance between each other in the sensor
system. Hence 4 PVC pipes with different lengths are clamped together and placed vertically in the ground.
Sensor 1 was at 0.25m, sensor 2 was at 0.5m, sensor 3 was at 0.75m and sensor 4 was at 1.0m soil depths.
4 PVC pipes are attached to a control box where a wireless transmitter is located with an external transmitter
antenna. A wireless receiver control box is also constructed with a receiver antenna and a wireless receiver
to send the received moisture data to the computer through a USB connection. See Figure 5.

Figure 5a. Sensor system with wireless transmitter Figure 5b. A closer view of the wireless
transmitter and receiver boxes receiver boxes

A block diagram of the sensor system is shown in Figure 6. 4 Sensor electrodes collect moisture data at
related depths of the soil and send them in voltage form through 4 inputs of Arduino board to 4 channels of
onboard A/D convertor. Moisture voltages from each sensor unit are converted to digital format at each
A/D channel. The 4 outputs of A/D channels are hard-wired to 4 channels of a wireless transmitter module.
This transmitter module multiplexed the data and transmitted to the wireless receiver in serial form
stationed at a distance. The receiver module is connected to another Arduino board to transfer the digital
data to the computer through a USB port. The moisture data is stored in Excel, MYSQL, and Google Drive.
This data was used to draw the 3D plots of % moisture values on the computer.

An experimental area of 5m x 5m was selected in a local agricultural field for the experiments. This field
was regularly used to grow vegetables and irrigated in periodic intervals. The area is divided into sub
squares of 1m x 1m. The prototype sensor system was placed at each corner of the sub squares identified
as a node. Measurements were taken at each node sequentially with the prototype sensor system. There was
a total of 36 nodes. The sensor system recorded 4 moisture values at 4 respective depths for a fixed time
and transmitted these moisture data in digital form to a computer to be stored in a database. These recordings
of real-time moisture values were later observed through the GUI of the system.

@
P Arduino Nano
R3

= =3 NRF24L01 NRF24L01
== || |

Transmitter Receiver

Sensor4 . Arduino Nano
Main Program R3

/

[ Execl ] {mySQL Server]

Google Drive

Figure 6. Block diagram of the sensor system
Furthermore, % moisture values are calculated by using Equation (2) and 3D maps of % moisture values at
each sensor depth are plotted against measurement coordinates as shown in Figure 7. Consequently, four
3D % of moisture maps are obtained with 25cm depth intervals for 1-meter soil depth. The collection of
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these 3D maps generated a detailed soil depth profile of % moisture value. These maps can be transferred
to the cloud and the farmers can see the moisture depth profiles of their agricultural fields.
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Figure 7. 3D % moisture maps of 4 sensors at vertical depths in the soil

A sample of digital moisture data and % moisture values for 4 sensors related to measurement coordinates
across the test area is given for the reader‘s attention in Table 1. % moisture values in Table 1 are calculated
by using Equation (2). It can be observed from these maps that % moisture values of the soil increase as
depth increases. For example, average % moisture values measured across the test area for sensors S1 to
S4 are calculated as 46.86, 51.90, 56.49, and 61.10. This situation arises due to the gravity effect on water
irrigation over the soil surface. The surface water drains slowly towards the soil depths depending on the
physical and chemical properties of the soil.

Table 1. A sample of Sensor digital moisture and % moisture values at different measurement nodes

X y S1 S2 S3 Sa S$1% S2% Ss% Sa%
0 0 430 410 387 370 47.14 51.94 56.32 61.04
1 0 432 411 385 369 46.59 51.67 56.87 61.31
2 0 431 409 386 371 46.87 52.22 56.59 60.76
3 0 429 409 387 370 47.41 52.22 56.32 61.04
4 0 431 411 386 368 46.87 51.67 56.59 61.58
5 0 433 410 388 371 46.32 51.94 56.04 60.76
0 1 431 411 387 369 46.87 51.67 56.32 61.31
1 1 430 410 386 370 47.14 51.94 56.59 61.04
2 1 431 409 384 371 46.87 52.22 57.14 60.76
3 1 432 410 387 370 46.59 51.94 56.32 61.04
4 1 430 411 387 371 47.14 51.67 56.32 60.76
5 1 432 409 386 368 46.59 52.22 56.59 61.58
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6. PROCEDURES

6.1. Reading Data from Sensors

The capacitive electrode in the sensor unit is exposed to two extreme conditions: When the sensors are idle
and, in dry air, (minimum moisture), and when the sensors are in the water (maximum moisture). The DC

voltage levels generated from the sensor units are given in Table 2.

Table 2. Moisture voltage readings in minimum and maximum conditions

SENSORS AIR (min.moisture) DC volt WATER (max.moisture) DC volt
Sensor 1 254V 125V
Sensor 2 252V 130V
Sensor 3 248V 132V
Sensor 4 250V 1.28V

Before starting the moisture content measurements, the digital values measured in dry air and water must
be set as the threshold values. These threshold values will help to calculate any unknown percentage of
humidity. A typical Arduino board is employed during the data collection. It has a 10-bit ADC. This allows
the conversion of 0-5V to 0-1023 binary data. The measured binary threshold values of sensors in dry air
and water are given in Table 3.

Table 3. Capacitive Sensor values in the air (min moisture) and water (max moisture)

Sensor 1 Sensor 2 Sensor 3 Sensor 4 . o
binary binary binary binary Average Humidity %
DryAir 603 597 592 594 596 0%
Water 236 237 228 227 232 100%

6.2. Calculation of Moisture Content

The analog output pin of each sensor unit is connected to the analog input of the Arduino board. These
analog inputs of the sensor units generate DC voltages between 0V and 3.3V which are identified as the
sensor read range. The analog voltage at the inputs of the Arduino board is converted to binary data by the
resident 10-bit ADC of the Arduino. This 10-Bit Arduino ADC converts 0-5 DC Volts to 0-1023 binary
bits. Any unknown moisture DC voltage will be converted to 10-bit binary data by the following equation:

10bit unknown moisture binary data = unknown moisture DC voltage X (%) : 2

If the measured binary values rise above or below the threshold values in air and water, they become outlier
values and are fixed to the minimum or maximum values in Table 2. The water humidity threshold value
represents the maximum humidity while the dry air humidity threshold value represents the minimum
humidity. To calculate the percentage humidity of unknown moisture, the following formula is deployed:

unknown binary data —MAX waterbinary data 3
(MIN air binary data—MAX water binary data)/100 ( )

% unknown moisture data = 100 —

Capacitive moisture sensor has been tested in dry air and sample measurements with their analog voltages,
binary equivalents, and percentage moisture values are displayed as shown in Figure 8. The sensor timer
has a timer delay of 500ms. This delay determines how often data is transferred to the Arduino with the
transmitter. The delay between the Arduino with the transmitter and Arduino with the receiver is 500ms.
This delay between them is sufficient for fast communication in real-time. The Serial port of the transmitter
provides wireless serial communication at 9600 BaudRate with the serial port of the receiver connected to
the computer through another Arduino board. Data continues to arrive at 500ms intervals. To transfer the
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arriving moisture data into the Database as shown in Figure 8, 4 sensor groups of 3 moisture data are

deployed one for each sensor.

Row Binary Data Eﬁ‘l:gge E;:;EJPB Data Time Date ~
> 503 294 0 02:15:32 11.05.2018

2 503 294 0 02:15:32 11.05.2019

3 603 294 0 02:15:33 11.05.2019

4 503 294 0 02:15:33 11.05.2019

5 503 254 0 02:15:34 11.05.2019

6 603 294 0 02:15:34 11.05.2019

7 503 2394 0 02:15:35 11.05.2019

8 503 254 0 02:15:35 11.05.2019

5 503 2395 0 02:15:36 11.05.2019

10 503 295 0 02:15:36 11.05.2019

1 503 295 0 02:15:37 11.05.2019

12 603 295 0 02:15:37 11.05.2019

13 603 295 0 02:15:38 11.05.2019

14 503 295 0 02:15:38 11.05.2019 -
£ >

Figure 8. A sample of capacitive sensor moisture measurements in dry air for sensor unit 2

By assigning each group to a GUI button, any sensor unit data can be read at any time. See Figure 9. When
the GUI button corresponding to each sensor unit is pressed to read the data, the sensor data stored in the
previous button is erased by the program. Thus, the operation of the program becomes more stable. This
group reading is carried out using an Array format. Since each sensor unit has its own 3 data such as binary
data, analog voltage, and % moisture, 4 Arrays are deployed to insert these data. They are sequentially
written in the table as shown in Figure 9. The computer time and date are also recorded in the table to show
the measurement time and date. After displaying the humidity values in the table, graphical programming
is employed to draw their graphs. A sample measurement of moisture values from sensor 2 unit and its %
moisture graph is presented in Figure 9.

Soil Moisture-Time Gragh

[T ———
susss

Analog Percent
Row Binary Data Voltage Moisture Data Time Date
% 435 2 014200 11.05.2019
a9 4955 4, e ] nan
@ 4 4 2
9 55 3
50 3 F-]
51 3 F-]
82 5 3
5 3 4 )
54 435 3
55 35 3
% 35 2
57 435 2
8 3 2
59 % 3
4
Data
Start Port list Sensor 1 Sensor 2
coMs
Ston Sensor 3 Sensor 4
Export to Excel Export to SQL Export to google drive

rcent o tat

Sod Morsture-Time Graph

Sodl Moisture-Time Graph

All Sensors

Figure 9. System GUI showing unknown % moisture values from sensor 2 and its % moisture graph
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7. CONCLUSIONS

This study aims to realize the most accurate and in-depth soil moisture data for agricultural needs. The use
of soil humidity sensors is the most important development to assist agricultural efficiency in the world.
Moisture information obtained from the soil increases the production levels immensely. Accurate and
regular measurements of the soil moisture result in the correct use of agricultural land and the increase of
the production yield. In most parts of the world, agricultural land is used without fully knowing the moisture
capacity of the soil. At present, agriculture is carried out randomly and unconsciously as a result of the
production demand increasing day by day.

Traditionally, moisture sensors were placed near the soil surface and the moisture information was collected
from the soil surface. The irrigation of the soil was organized according to this information. On the other
hand, agriculture science states that different plants have different root lengths and consequently, these
roots are buried at different depths.

For example, lettuce has a short root in the soil, but banana plants have deep roots in the soil. As the world
population increases and the need for plant cultivation have become more and more demanding, the
necessity of growing different plants with different root depths in the same field has increased. This
necessity has brought the need to know the moisture levels at different soil depths. This study helps the
agricultural producer to know the moisture levels at different soil depths with equal intervals. 3D moisture
maps at equal soil depths are generated successfully on the computer. Once these maps are in hand,
producers can plant different plants with different root depths in the same soil side by side if their other
agricultural needs are provided.

The capacitive humidity sensor used in this study gives the most stable and accurate results compared to
resistive soil moisture sensors in the market. Resistive soil moisture sensors are generally used at the present
day. Initially, resistive sensors are tried in this study. Unfortunately, the voltage levels obtained with the
resistive sensor were random and fluctuating due to the changing values of resistance between the sensor
electrodes. Hence, capacitive sensors are deployed, and the random behavior of the sensor voltages are
minimized and almost disappeared.

Arduino board, used on the transmitter side, had 4 input channels for 4 sensors. Each sensor analog output
voltage is converted to the 10-bit digital format by an onboard 6 channel ADC and wirelessly transmitted
to a receiver unit by using a wireless transmitter unit attached to the Arduino board. The receiver unit is a
wireless receiver that receives digital data corresponding to the moisture values and passes this data to the
database on the computer through another Arduino board. 9V Zinc-Carbon batteries are deployed in
transmitter and receiver sections. In this way, the wireless connection between the transmitter and receiver
remained approximately at a constant voltage and a transmission frequency of 2.4 GHz. Hence the moisture
data has arrived at the receiver without any signal loss.

The moisture data was read, stored, transferred to other platforms, and supported by visual tools such as
tables and graphics. A GUI was developed to read and display moisture data. Another important point was
observed that the moisture levels were increased according to the increasing soil depth. This was the
drainage effect of the irrigated surface water by gravity. Furthermore, the data storage event introduced
plays an important role for the farmers to measure and store the soil moisture at any time of the day and to
plant and harvest the products according to that. Another function, introduced in this study, is the
accessibility of moisture data from all platforms. The moisture data can be downloaded or viewed from
anywhere with the cloud function of google drive quickly and efficiently.
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