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Abstract

Precision irrigation scheduling using real-time sensors has the potential to

boost water use efficiency while maximizing resource utilization. Traditional

farming is adversely affected by improper resource management. To overcome

a farmer's efforts, an IoT-based drip irrigation system was developed and tested

for system performance. It was compared with an ETc-based drip irrigation

system for brinjal crops grown in planter beds filled with vertisols. The devel-

oped system, consisting of sensors and microcontrollers, records the environ-

mental parameters, namely, soil moisture content, soil temperature, and

relative humidity and temperature. Irrigation scheduling was programmed

using upper (field capacity) and lower thresholds (50% plant available water).

Irrigation applications were triggered when the soil moisture value reached

the lower threshold (33%) and ended after the field capacity was attained

(46%). The information captured by the sensors is wirelessly uploaded to the

cloud server using IoT technology, which can be accessed from anywhere in

the world. It was observed that the IoT-based drip irrigation testing plant grew

1.3 cm taller than the ETc-based drip irrigation testing plant. The length and

width of brinjal plant leaves also increased more than the ETc-based drip irri-

gation treatments. The IoT-based drip irrigation treatments improved pump

operating time, leaf length and width by 85 min, 4.4 cm and 3.1 cm, respec-

tively, compared to 125 min, 3.7 cm and 2.4 cm for the ETc-based drip irriga-

tion treatment. During a period of 31 days, water savings of 35% were observed

compared to ETc-based drip irrigation. The developed system was rugged, and

a water-resistant enclosure allowed its use in outdoor agriculture fields.
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Résumé

La programmation de l'irrigation de précision à l'aide de capteurs en temps

réel a le potentiel d'améliorer l'efficacité de l'utilisation de l'eau tout en maxi-

misant l'utilisation des ressources. L'agriculture traditionnelle est affectée
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négativement en raison d'une mauvaise gestion des ressources. Pour surmonter

les efforts d'un agriculteur, un système d'irrigation goutte à goutte basé sur

l'IoT (Internet des choses) a été développé et testé pour la performance du sys-

tème. Il a été comparé à un système d'irrigation goutte à goutte basé sur l'ETc

pour les cultures de brinjal (aubergine) cultivées dans des lits de plantation

remplis de vertisols. Le système développé, composé de capteurs et de micro-

contrôleurs, enregistre les paramètres environnementaux, à savoir, la teneur

en eau du sol, la température du sol, l'humidité relative et la température. La

programmation de l'irrigation a été réalisée en utilisant des seuils supérieurs

(capacité du champ) et inférieurs (50% d'eau disponible pour la plante). Les

applications d'irrigation étaient déclenchées lorsque la valeur de l'humidité du

sol atteignait le seuil inférieur (33%) et se terminaient lorsque la capacité du

champ était atteinte (46%). Les informations captées par les capteurs sont

téléchargées sans fil sur le serveur cloud à l'aide de la technologie IoT, qui peut

être consulté de n'importe où dans le monde. Il a été observé que la plante de

test d'irrigation goutte à goutte basée sur l'IoT a grandi de 1.3 cm plus haut par

rapport à la plante de test d'irrigation goutte à goutte basée sur l'ETc. La

longueur et la largeur des feuilles du plant de brinjal ont également augmenté

plus par rapport aux traitements d'irrigation goutte à goutte basés sur ETc. Les

traitements d'irrigation goutte à goutte basés sur l'IoT ont amélioré le temps de

fonctionnement de la pompe, la longueur et la largeur des feuilles de 85 min,

4.4 cm et 3.1 cm, respectivement, par rapport à 125 min, 3.7 cm et 2.4 cm pour

le traitement d'irrigation goutte à goutte basé sur l'ETc. Pendant 31 jours,

des économies d'eau de 35% ont été observées par rapport à l'irrigation

goutte à goutte basée sur ETc. Le système développé était robuste,

et une enceinte résistante à l'eau a permis son utilisation dans des champs

agricoles extérieurs.

MOT S CL É S

ThingSpeak, irrigation automatique, humidité du sol, 32 ESP, efficacité de l'utilisation de
l'eau

1 | INTRODUCTION

The share of irrigation water availability will decline in
Indian agriculture due to more pressure and competition
for water from other sectors, such as domestic and indus-
trial (Pathak et al., 2019). Farmers must achieve their
yield targets with minimum water in future generations
(Imran et al., 2019; Kim et al., 2008). Precise irrigation
scheduling techniques based on smart soil moisture sen-
sors are necessary to boost agricultural production,
enhance irrigation efficiency, reduce water loss and miti-
gate adverse environmental impacts. Advanced irrigation
techniques are essential for water management, irrigation
scheduling for crops and avoiding unscientific water use
(Krishnan et al., 2020).

Researchers have been attempting to build agricultural
smart sensors that use cloud computing and Internet of
Things (IoT) technologies to monitor environmental and
crop data from the agricultural field over the past few
decades. Deshpande et al. (2017) defined the Internet of
Things as a network of physical things that communicate
and exchange information wirelessly over the Internet.
Particular field operators can use these data to shift
resources, such as materials, equipment and labour, to
where they are most needed, resulting in better agricul-
tural activities, reduced expenses and higher profits
(Khanna & Kaur, 2019; Tzounis et al., 2017).

Agricultural communication protocols in recent itera-
tions have been troubled by issues that have limited the
sector's advancement. Previously, agricultural monitoring
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systems relied on plugged-in data-collecting devices, with
sensor units linked to the control centre. Such systems
have a restricted deployment size for monitoring stations
due to the wiring connection range; greater configuration,
management and accommodation expenses due to sub-
stantial wiring; and cables that are readily destroyed if
placed outside in adverse environments (Dasgupta
et al., 2019; Pallavi et al., 2017; Segarra et al., 2020). Data-
gathering devices are mainly meant for use in realistic cir-
cumstances, such as greenhouses or food manufacturers,
and do not have the robustness necessary for use outside
for long durations (Evelyn et al., 2019; Jagannathan &
Priyatharshini, 2015; Pradeep & Byregowda, 2017). The
energy consumption is extremely high due to the continu-
ous use of sensing devices. Existing approaches to sensor-
based irrigation systems do not prioritize energy effi-
ciency; instead, smart technologies such as IoT are used
to collect data and transmit them wirelessly to a cloud
platform. Earlier wireless networks used radio frequency
(RF) technology and Bluetooth. Based on low-cost, low-
power and sufficient data rate requirements, RF and
Bluetooth communications were supplemented by ZigBee
and wireless local area network (WLAN) technologies.

In this paper, we developed an IoT-based drip irriga-
tion system for efficient irrigation. The system determines
the amount of water for the crop based on the current
soil moisture content in the soil. The developed system
uses four sensors: a soil moisture sensor, a soil tempera-
ture sensor, and a humidity and temperature sensor for
better efficiency. The system saves sweet water through
efficient utilization and supports smart energy consump-
tion. The developed system employs IoT and a set of sen-
sors to efficiently record observations of the field and the
need for watering. The system uses the mobile phone
application interface for continuous monitoring and con-
trol of the effective watering system. The rugged and
water-resistant box allows it to be used in outdoor agri-
cultural fields, and a solar power supply eliminates the
need for wiring and reduces sensor node maintenance.
Solar energy, which recharges the battery, can be used to
solve the power shortage. The developed system can
robustly address the above-mentioned key issues.

2 | MATERIALS AND METHODS

2.1 | Components of the IoT-based smart
drip irrigation system

2.1.1 | Hardware components

The water flow to the raised planter beds is controlled by
a solenoid valve that is connected wirelessly to soil

moisture sensors installed in the raised planter beds. The
solenoid valve opens and closes automatically based on
predefined soil moisture content during the real-time
operation of an irrigation event. The IoT data acquisition
system was fully equipped with a portable solar panel,
control box and solar charger unit. The power unit was
connected to a 12 V DC motor/actuator and receiver unit.
The receiver unit consists of a motor driver module and
microcontroller with an inbuilt ESP8266 Wi-Fi module.
The receiver unit was kept inside an IP-65 box to prevent
ingress of rain and any other mishandling. The receiver
unit has two buttons: one for power on and off and the
other for choosing an operational mode (automatic/man-
ual). The system was powered with a 12 V 7 Ah battery
recharged by a 5.5 W solar panel. The ESP-WROOM-32
was used as a microcontroller (Espressif Company,
China); it has an inbuilt Wi-Fi + BT + BLE MCU mod-
ule (34 standard GPIO pin) digital and 12-bit, 18 channel
analogue input pins. The microcontroller (ESP-WROOM-
32) sends data from the sensors to the cloud server wire-
lessly with the help of an inbuilt Wi-Fi module. The
receiver has a high processing speed with an inbuilt
ESP8266 Wi-Fi module/Bluetooth, which we can connect
to the Internet very easily (Espressif Company, China).
For temperature and relative humidity measurements,
the DHT11 sensor was used. A DS18B20 sensor was
selected to measure soil temperature.

Similarly, a capacitive soil moisture sensor v2.0 was
used to determine the soil moisture content (SMC). The
capacitance is transformed to a voltage level ranging from
1.2 to 3.0 V. The advantage of the capacitive soil moisture
sensor is that it is made of a corrosion-resistant substance
that will survive for a prolonged period. The experimen-
tal set-up of this project is shown in Figure 1.

A single monocrystalline solar panel of 5.5 W and a
lithium polymer battery of 6000 mAh were mounted, in
order to supply the necessary power to the developed IoT
data acquisition system. The solenoid valve operated a
water pressure of 0.02–0.8 MPa using an AC voltage of
220 V or 240 V and BSPP 3/4 inch external thread config-
uration. The relay board was used for ON or OFF when a
small external voltage was applied across its control ter-
minals. The connections between all components are
shown in detail in Figure 2.

2.1.2 | Software component

Operation of the solenoid valve was based on real-time
soil moisture (if SMC ≤ 33.5%) sensed until a predefined
soil moisture threshold value (SMC ≥ 46.5%) is attained.
The program code was written in C ++ programming
language. The soil moisture content, soil temperature,
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FIGURE 1 Experimental

set-up

FIGURE 2 Circuit diagram of the developed IoT-based smart irrigation system
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relative humidity and temperature data are stored on a
ThinkSpeak IoT platform every 2 min using the ESP8266
Wi-Fi module. However, the time interval can be
adjusted to meet the user's needs. More power is con-
sumed when the time interval is reduced. The embedded
ESP8266 Wi-Fi module enables access to system informa-
tion from anywhere, at any time, via web or mobile apps.
Irrigation was scheduled using upper (field capacity) and
lower (50% plant allowable water, PAW) thresholds of
available soil water. The motor driver module activated
and opened the solenoid valves when the soil moisture
reached a predetermined threshold.

2.2 | Field data collection device

A stand-alone sensor node or a wireless sensor network
of sensor nodes may be installed, depending on the field
requirements. A stand-alone scenario field data collection
device consists of three sensors, namely, a capacitive
soil moisture sensor (v2.0), a soil temperature sensor
(DS18B20) and a temperature and relative humidity

sensor (DHT11). The output of these sensors is read by
an ESP32-WROOM-32 microcontroller, which is con-
nected to the receiver unit to transfer all the recorded
observations by the different sensors onto an IoT plat-
form (ThingSpeak) wirelessly using ESP8266 Wi-Fi
module.

2.3 | Web service for online data
collection

The ThingSpeak open-source IoT platform was used in
this research work to store the observations recorded by
sensors from the field via the Wi-Fi protocol over the
Internet. Entering a unique username and password, as
shown in Figure 3, will allow you to create a Thing-
Speak user page. After creating a ThingSpeak account,
the user will access six different menus, including pri-
vate view, public view, channel settings, sharing, appli-
cation programming interface (API) keys and data
import/export. The read/write API key is linked to the C
and C++ code, allowing sensor data to be monitored or

FIGURE 3 Creation of the ThingSpeak channel
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logged anywhere using the appropriate ThingSpeak user-
name and password. In addition, the C and C++ pro-
gramming language is used to program the ESP32
microcontroller to collect data from various sensors,
such as soil moisture, soil temperature, relative humidity
and temperature, which are then plotted as an individ-
ual field graph. These sensor data can also be saved in
.xml format (Microsoft Office Excel) for analysis of their
characteristics.

2.4 | Wireless communication protocol

One of the essential aspects of any IoT device is its ability
to connect with other devices to transmit and exchange
data. IoT devices mainly use wireless communication
protocols to communicate with one another. Wireless
communication networks use electromagnetic waves
such as infrared (IR), radio frequency (RF) and satellite
waves to transmit data over the air without using wires.
Based on the transmission range, energy consumption
and memory, smart devices can be connected via the
Internet and non-Internet protocols. The non-Internet
protocol requires less memory in a small range and con-
sumes less energy. Depending on their intended use, vari-
ous network protocols are available, including ZigBee,
Hypertext Transfer Protocol (HTTP), Wi-Fi, Bluetooth
and Long-Range Wide Area Network (LoRaWAN). This
study connected the sensor nodes, transmitters, cloud

services, solenoid valves and receiver units via a Wi-Fi
wireless communication network.

2.5 | Assembly of the developed system

The IP-65 case was used to create a model of a data
acquisition device that would accommodate all of the
components of the system. The components were subse-
quently combined in the IP-65 case, as shown in
Figure 4. The microcontroller was soldered into position,
and jumper wires were used to link the transmission
ports on the sensing devices to the appropriate pins on
the microcontroller board. After that, the sensors were
then fastened into the casing. A provision is made to
expose the DHT11 sensor to the environment by provid-
ing a small hole in the bottommost part of the device.
The bottommost half of the hole was made with a skirt to
protect from rainwater entering the hole. To ensure
waterproofing, the upper and bottom components were
screwed and soldered simultaneously, along with another
rubber O-ring. A pole was mounted on the bottom half of
the casing to ensure that the device was significantly
raised above the ground to prevent water entry in the
event of flooding. The soil moisture sensor's power and
data lines, which must be buried, were also housed on
the pole. Following this, using the Arduino IDE program-
ming interface, the custom code needed to acquire envi-
ronmental parameters via sensors and transmit the data

FIGURE 4 Computer-aided design

model of the fully assembled system
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to the cloud platform was developed and transmitted to
the ESP 32 microcontroller in the data acquisition unit.
The sensor data were transferred to an IoT platform
called ThingSpeak. The data obtained from the IoT sys-
tem are displayed using the ThingSpeak server. On the
platform, the information is presented in the form of
graphs. ThingSpeak was chosen as one of the first IoT
platform services for providers. The web service for an
IoT analytics platform enables employees to connect and
analyse data stored in the ThingSpeak web application
utilizing smartphones for quick access.

2.6 | The soil moisture sensor calibration

The gravimetric procedure for calculating soil moisture
content on a volumetric basis was used to determine the
soil moisture content. To stabilize the voltage readings of
the sensors, the first sensor is inserted into the soil. These
sensor readings will later be converted and calibrated as
volumetric soil moisture content based on Cobos and
Chambers's detailed protocol for sensor calibration
(2010). The voltage is calculated for a known percentage
of soil moisture, according to Cobos and Chambers
(2010) and Nolz et al. (2013), as shown in Figure 5. The
gravimetric moisture content versus soil moisture sensor
reading linear regression model was developed, and it
was used to measure the soil moisture content. The
developed linear regression model was implemented into
the system's software, and the moisture level in the soil
was directly determined.

2.7 | Soil moisture prediction algorithm

The operation of the actuating pump and solenoid valves
is based on the real-time soil moisture content. The sole-
noid valves opened when the threshold value of the soil
moisture sensor reached a depletion of 50% plant avail-
able water of field capacity. The solenoid valves were
closed as the soil moisture content reached the field
capacity of the respective soil moisture sensor. The con-
tinuous records of volumetric soil moisture data were
stored on the Internet (cloud) using ‘ThingSpeak.com’.
Sensors were placed at 15 cm depth from the soil surface
to achieve precision irrigation with an IoT embedded
device. After the sensors were deployed, the lower set
threshold (LSP) and higher set threshold value (HSP)
were determined. To set a lower limit for the device to
start the pump, it is crucial to know the soil's field capac-
ity and wilting point. As seen in the diagram, the process
was configured in a microcontroller (Figure 6).

2.8 | Experimental layout

The small-scale raised planter beds of the IoT-based drip
irrigation system layout are 180 � 45 cm. Another
planter bed of the same size was built in an open condi-
tion environment for the evapotranspiration (ETc)-based
drip irrigation schedule depending on the crop's water
needs requirement. Crop water was calculated every day
using weather data. The soil moisture data were used to
autonomously switch ON and OFF the receiver system

FIGURE 5 Calibration of the sensor
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actuators via relays based on user-defined criteria. The
IoT data acquisition system was connected to a solar
panel and an electrical outlet socket via a 12 V 3A AC
power adapter with a 12 W rated power usage. Figure 7
shows a detailed wireless sensor network (WSN) layout
for a small-scale raised planter bed configuration.

Irrigation scheduling and ET regimes for the field were
imposed according to daily calculations of the ET0 using
the FAO Penman–Monteith equation in CROPWAT 8.0
software (Allen et al., 1998). ETc is determined by multi-
plying reference crop evapotranspiration by a crop coeffi-
cient (KC) (Penman, 1948). The KC values for the brinjal

FIGURE 6 A schematic viewing the functioning of an IoT-based drip irrigation system

FIGURE 7 Wireless sensor network layout

for the agriculture testing field
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crop were taken from FAO 56 (Allen et al., 1998). The
equation was as follows:

ETC ¼KC�ET0 ð1Þ

where KC is the crop coefficient and ET0 is the reference
evapotranspiration.

2.9 | Irrigation monitoring

In the present research work, the effects of two irrigation
methods on crop growth were studied. The performance
of the developed IoT-based drip irrigation system was
compared with ETc-based drip irrigation. The monitoring
and control system tests were conducted at 10:00 AM,
2:00 PM and 6:00 PM for a total of 31 days. The test results
were taken three times a day to account for the drasti-
cally changing ambient circumstances at each time. The
ON/OFF of the solenoid valve was performed by thresh-
old values derived from the soil water characteristics
curve. Over 31 days, the system performance, solar panel
and monitoring system test (IoT-based drip irrigation),
control system test (ETc-based drip irrigation) and plant
growth performance were investigated thoroughly.

2.10 | Crop growth parameters

Brinjal plants were chosen for this study, as they are sen-
sitive to excessive soil moisture, water stress, excessive

salinity and high temperatures. Crop growth parameters
such as plant height, leaf length and leaf width were
measured every 2 days at intervals over the duration of
31 days. The crop growth parameters were measured
2 weeks after seedlings were transplanted. These three
parameters were used to indicate the performance of the
developed IoT-based drip irrigation systems and ETc-
based drip irrigation.

2.11 | Performance evaluation of the IoT
system

The IoT-based drip irrigation in the small-scale raised
planter beds was completely controlled by the monitoring
and control system. ETc-based drip irrigation, on the
other hand, was watered manually, based on the daily
evaporation rate. Soil moisture, soil temperature, relative
humidity and temperature measurements were compared
to the values from stand-alone, off-the-shelf sensors for
the monitoring system test. This test was used to verify
the reliability and efficiency of the data acquisition unit.
The MPM-160-B 12-bit resolution moisture probe meter
(ICT) was used to measure soil moisture from a depth of
15 cm. The soil moisture content readings were measured
using soil moisture sensors installed with IoT-based drip
irrigation treatment at the same depth, and the reliability
of the prototype IoT device was compared. Temperature
and relative humidity were measured using a test
623 thermohygrometer, and soil temperature was mea-
sured with soil thermometers (Figure 8).

FIGURE 8 (a) MPM-160-B 12-bit

resolution moisture probe meter (ICT)

and (b) test 623 and soil thermometers
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2.12 | Statistical analysis

The experimental design was a Tukey test, and analysis
of variance (ANOVA) was used. The analyses were car-
ried out to find any significant differences between the
IoT- and ETc-based drip irrigation treatments. Tukey's
test (p ≤ 0.05) was used to compare treatment means.

3 | RESULTS AND DISCUSSION

3.1 | Calibration of the soil moisture
sensor

Calibration of the sensors was carried out according to
the standard procedure. In addition, the sensor's percent-
age readouts at different moisture contents were com-
pared with the representative moisture content of the
gravimetric method for sensor calibration. The required
data were collected and are presented in Figure 9.

3.2 | Performance evaluation of the data
acquisition system

The device was tested to determine whether it could use
sensors to collect environmental data and transfer them
to an IoT platform. A local Wi-Fi network was connected
to the data-gathering device for testing purposes. The
ThingSpeak IoT platform was used to view the field data
collected by the sensors. For numerous data entries, the
system was operated for several hours. The environmen-
tal parameter data obtained by the sensors were

effectively communicated to the web application, accord-
ing to the observations. Based on the related data
recorded by the sensors, the data access observations are
indicated in four graphs: soil moisture, soil temperature,
relative humidity and temperature displays, as shown in
Figure 10. Every 15–20 s, the data were transmitted to
the IoT platform.

ThingSpeak's visual depiction of data provides an
enriched interpretation of the relationship between envi-
ronmental surroundings and time, as illustrated in
Figure 10. While the temperature falls with time, the
humidity rises. By assessing these trends over time, agri-
cultural operators may make better judgements about
their crops based on the surrounding conditions, result-
ing in improved precision irrigation techniques.

As a result, the ThinkSpeak platform was tested to
evaluate whether it could capture and show in an accessi-
ble way the environmental parameter data stored on the
cloud platform. The application successfully revealed the
precise information of the document. The data acquisi-
tion module was then put to the test for waterproofing.
This was done to ensure that the equipment could be
used in open-field or outdoor situations. There were no
leakages when the device was initially run beneath the
water from the tap. Two areas were extensively evaluated
and validated, namely monitoring system tests and con-
trol system tests. The environmental variables acquired
by the data acquisition device, including soil moisture,
soil temperature, relative humidity and temperature
measurements, were associated with analyses from
stand-alone, off-the-shelf sensors for the monitoring
system test.

The system was developed and tested on small-scale
raised planter beds (Figure 11). Soil moisture sensors
were installed 15 cm deep from the soil surface to help in
irrigation control based on the soil moisture content. Soil
moisture, soil temperature, relative humidity and temper-
ature sensors continuously tracked all these parameter
data in the agricultural field. The moisture sensor sends a
signal to the ESP 32 configured Wi-Fi module, which
triggers the water pump and irrigates the field using the
smartphone or computer application if the moisture level
falls below the threshold value. The measured variables
were continuously recorded and sent to the ThinkSpeak
server, which can subsequently be accessed using the
ThingSpeak web.

This device is directly linked to the IoT analytics plat-
form (ThingSpeak) web service to access and analyse live
data in the cloud. The demonstration of soil moisture
values, soil temperature, relative humidity and tempera-
ture at various times is shown in Figure 12. The field
channel valves of each individual are controlled, as
shown in Figure 13(a). When the value is 1, the motor is

FIGURE 9 Calibration graph for the soil moisture sensor and

oven-dried method
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ON, and when the value is 0 in the IoT analytics platform
(ThingSpeak), the motor is OFF, as shown in Figures 13
(b) and (c). The pump indicator is shown in Figure 13(d).

Irrigation was started when the available water
depleted approximately 50% of the field capacity to pre-
vent crop damage due to water stress. This is important

because it decides how much available soil water plants
can take from the root zone before the next irrigation.
Since clayey soils retain water more tightly and crops
need more energy to absorb it, they need a lower deple-
tion limit (50% of available water) than sandy soils (>50%
of available water).

FIGURE 11 Developed IoT-based smart

irrigation system

FIGURE 10 Environmental parameter data on the ThingSpeak IoT platform
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3.3 | Performance analysis

For the testing process, small-scale raised planter beds
were developed to evaluate whether the IoT-based irriga-
tion system can monitor field conditions using the data
acquisition system and maintain environmental parame-
ters using automation management systems. This test
can be used to verify the data acquisition unit precision
and high reliability shown in Figure 14. The sensors were
deployed 15 cm from the soil surface and kept at a con-
stant depth during the growing season. The water pump
was configured to turn ON if the soil moisture level fell
below 33.2%. The temperature, soil moisture, soil temper-
ature and humidity IoT test values closely matched the
relevant base readings with little error, according to the
monitoring system test findings shown in Figure 14.
Despite these constraints, the IoT test and base readings
had a small variation, as illustrated in Figure 14. As a
result, it is possible to conclude that the data acquisition
system is sufficiently accurate and dependable. This is
critical because the control system must keep the envi-
ronmental factors at optimal levels for the growth of
plants. Failure of the monitoring system would result in
unpleasant plant development conditions.

During the span of 31 days, the average quantity of
water taken by the IoT system was found to be 2.1 L every
2 days. This indicates that the water pump was working
as expected and that its operation only starts when the
moisture content drops below the threshold value. Other-
wise, if the pump works continually irrespective of sensor
data, the water stored in the tank might have emptied in
a short time span. As a result, the automated control sys-
tem was able to keep all of the parameters within a rea-
sonable range. In comparison with ETc-based drip
irrigation treatments, the IoT-based drip irrigation treat-
ment plant grew 1.3 cm in height. Leaf length and width
also increased more than the ETc-based drip irrigation
treatments. The IoT-based drip irrigation treatments
increased leaf length and width by 4.4 and 3.1 cm, respec-
tively, compared to 3.7 and 2.4 cm for the ETc-based drip
irrigation treatments. The improvement in plant growth
performance of IoT-based drip irrigation treatments com-
pared to ETc-based drip irrigation treatments is shown
more clearly in the graphical depiction in Figures 15–17.
Plant growth parameters such as leaf width, leaf length
and plant height were found to be higher for IoT-based
drip irrigation than for ETc-based drip irrigation.
Figure 18 depicts the level of water for different irrigation

FIGURE 12 Display of data in the ThingSpeak platform

32 S ET AL.

 15310361, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ird.2757 by Jiusheng L

i - C
ochraneC

hina , W
iley O

nline L
ibrary on [19/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



methods. When compared to the ETc drip irrigation
method, the results indicate that the developed device
uses less fresh water. Figure 19 depicts the total pumping
time of the two irrigation systems over 31 days. In this
comparison, the suggested IoT-based smart irrigation sys-
tem takes 85 min to pump water, whereas the ETc-based
drip irrigation method takes 125 min. Table 1 shows the
plant height, leaf length and leaf width of brinjal plants,
as well as their classifications based on statistical analysis
using the Tukey test. As shown in Table 1, the same letter
indicates no significant differences between the two

treatment means, while a different letter indicates signifi-
cant differences between the two treatment means at the
p ≤ 0.05 level of significance. Similarly, IoT-based drip
irrigation consumed less water and required less pump-
ing time than ETc-based drip irrigation. This might be

FIGURE 14 Graph of monitoring of the IoT-based irrigation

system test

FIGURE 15 Plant height at different days after sowing under

IoT soil moisture sensor-based irrigation and crop

evapotranspiration-based irrigation (ETc)

FIGURE 13 (a) Field 1 chart status indicating motor ON, (b) Field 2 chart status indicating motor OFF, (c) Field 4 chart 0 value

indicating solenoid valve OFF, and (d) Field 6 chart 1 value indicating solenoid valve ON
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due to maintaining adequate soil moisture in the root
zone depth throughout the crop growth period, resulting
in better uptake of water and nutrients having an opti-
mistic effect on crop growth (plant height, leaf length and
leaf width, etc.).

Based on the results and from previous studies, soil
moisture sensors and recent advances in IoT and WSN
technologies have proven to be accurate and valuable
tools for predicting soil moisture content under varying
field conditions, as well as a more effective method
of irrigation scheduling (Goap et al., 2018; García
et al., 2020). Traditional irrigation systems may provide a
tremendous amount of irrigation water to one part of a
field, leading to a lack of irrigation in other parts. To

address this issue, wireless smart irrigation techniques
are necessary for real-time irrigation scheduling, increas-
ing the efficiency, productivity and profitability of farm-
ing operations (Zhu et al., 2018). Similar results were
reported by Krishnan et al. (2020) on the evaluation and
performance of a fuzzy logic-based smart irrigation sys-
tem that was used to compute input parameters (e.g. soil
moisture, temperature and humidity) and operated irriga-
tion pumps accordingly. It has been verified from the
experiments that we can achieve excellent results, such
as low manual labour cost and effective usage of water
for irrigation. Scientific and advanced soil moisture-based
irrigation scheduling techniques aim to provide plants
with adequate amounts of water at the right time while
improving irrigation efficiency, plant growth and yields
(Gu et al., 2020).

FIGURE 16 Leaf length at different days after sowing under

IoT soil moisture sensor-based irrigation and crop

evapotranspiration-based irrigation (ETc)

FIGURE 17 Leaf width at different days after sowing under

IoT soil moisture sensor-based irrigation and crop

evapotranspiration-based irrigation (ETc)

FIGURE 18 Water consumption for the time period of 31 days

FIGURE 19 Total pump operating time over 31 days
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In conclusion, when compared to other automation
irrigation systems, the developed IoT-based drip irriga-
tion system was durable, and weather-resistant enclo-
sures enabled the system to be used in field conditions.
The system is collected by field parameters wirelessly
uploaded to the cloud platform via the Wi-Fi protocol. It
offers a promising solution to water scarcity and agricul-
tural production challenges.

4 | CONCLUSION

This research aimed to develop a wireless IoT-based drip
irrigation system for irrigation scheduling that addresses
previous system drawbacks, such as cost, coverage range,
the need to be self-powered and weatherproof and have
outdoor functionality. Real-time parameters such as soil
moisture content, temperature, relative humidity and

TABLE 1 Tukey's t-test statistical

analysis to compare IoT- and ETc-based

drip irrigation system treatments Day Treatment

Plant height (cm) Leaf length (cm) Leaf width (cm)

Mean Groups Mean Groups Mean Groups

D1 T1 15.83 R 5.23 M 4.2 L

T2 16.4 Q 5.43 L M 4.3 L

D3 T1 16.4 Q 5.23 M 4.2 L

T2 16.9 P 5.7 K L 4.3 L

D5 T1 17 P 5.53 L M 4.4 K L

T2 17.5 O 6 J K 4.5 K L

D7 T1 18.13 N 5.73 K L 4.8 J K

T2 18.33 M N 6.1 J K 4.93 I J

D9 T1 18.23 M N 6.06 J K 5.03 I J

T2 18.53 M N 6.23 J 5.23 H I

D11 T1 18.63 M 6.33 J 5.23 H I

T2 19.4 L 6.43 I J 5.5 G H

D13 T1 19.9 K 6.8 H I 5.33 H I

T2 19.4 L 7.05 G H 5.5 G H

D15 T1 21.53 J 7.2 F G H 5.8 F G

T2 21.73 J 7.3 E F G 5.93 E F

D17 T1 22.4 I 7.7 E 6.2 D E F

T2 22.7 I 7.63 E F 6.23 D E

D19 T1 23.7 G H 8.4 D 6.5 C D

T2 23.63 H 8.43 D 6.3 C D E

D21 T1 24.33 F 8.43 D 6.5 C D

T2 24.1 F G 8.43 D 6.3 C D E

D23 T1 25 D 8.8 B C D 6.7 B C

T2 24.4 E F 8.63 C D 6.4 C D

D25 T1 26.1 B 9.2 B 7 A B

T2 24.8 D E 8.63 C D 6.5 C D

D27 T1 26.1 B C 9.23 B 7 A B

T2 25.1 D 8.9 B C 6.6 B C D

D29 T1 27.4 A 9.7 A 7.23 A

T2 25.73 C 8.9 B C 6.6 B C D

D31 T1 27.4 A 9.7 A 7.23 A

T2 26.2 B 9.23 B 6.6 B C D

Notes: The values followed by the same letter within each column are not significantly different at p ≤ 0.05.
T1 = IoT-based drip irrigation system; T2 = ETc-based drip irrigation system.
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soil temperature can be obtained for decision making.
Experiments conducted on the prototype data acquisi-
tion system revealed that it could perform as expected in
small-scale raised planter beds. The system consists of
sensors, and a microcontroller can successfully capture
environmental parameters by utilizing IoT technology.
The data collected by the sensors were wirelessly
uploaded to a cloud server (ThingSpeak), where they
could be viewed by users using an Internet-enabled
device. The developed system was successfully tested in
vertisols in the brinjal crop. The irrigation scheduling
approaches were ETc- and IoT-based drip irrigation sys-
tems. The study revealed that the timing and amount of
irrigation applied to the brinjal crop varied between the
two irrigation scheduling methods. The IoT-based drip
irrigation system saved approximately 35.1% of irrigation
water, with an enhanced plant growth performance
compared to ETc-based drip irrigation. Simultaneously,
in an IoT-based drip irrigation system, the pumping
operating time, water consumption rate and plant
growth performance were found to have a highly signifi-
cant difference at the p ≤ 0.05 level of significance com-
pared to ETc-based drip irrigation. The most significant
conclusion to be drawn from these preliminary findings
is that IoT-based drip irrigation technology can improve
water use efficiency and assist growers in optimizing irri-
gation scheduling.

ACKNOWLEDGEMENTS
The first author gratefully acknowledges the research fel-
lowship received from the ICAR-Indian Agricultural
Research Institute, New Delhi, for carrying out PhD
research work during 2019–2022. The authors also thank
the Director, ICAR-CIAE, Bhopal, for providing the facil-
ities to conduct experiments. The authors wish to thank
Dr Nickhil and Mr K. Upendar for contributing knowl-
edge and support to the research work.

CONFLICTS OF INTEREST
The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in this
paper.

DATA AVAILABILITY STATEMENT
Data sharing is applicable to this article as datasets were
generated or analysed during the current study.

ORCID
Vinod Kumar S https://orcid.org/0000-0003-2901-2091
Mukesh Kumar https://orcid.org/0000-0002-4416-6198
Yogesh Annand Rajwade https://orcid.org/0000-0002-
1331-9622

REFERENCES
Allen, R.G., Pereira, L.S., Raes, D. & Smith, M. (1998) Crop

evapotranspiration-guidelines for computing crop water
requirements-FAO irrigation and drainage paper 56. Fao,
Rome, 300(9), D05109.

Cobos, D.R. & Chambers, C. (2010) Calibrating ECH2O soil mois-
ture sensors. Pullman, WA: Application Note, Decagon Devices.

Dasgupta, A., Daruka, A., Pandey, A., Bose, A., Mukherjee, S. &
Saha, S. (2019) Smart irrigation: IoT-based irrigation monitor-
ing system. In: Proceedings of International Ethical Hacking
Conference 2018. Singapore: Springer, pp. 395–403.

Deshpande, P., Damkonde, A. & Chavan, V. (2017) The internet of
things: Vision, architecture, and applications. International
Journal of Computer Applications, 975(2), 8887–8814. Available
from: https://doi.org/10.5120/ijca2017915722

Evelyn, G.L., Montiel, J.E., Chadwick, C.A. & García, F.R.M. (2019)
Architecture proposal for low-cost hydroponic IoT based sys-
tems. In: International Congress of Telematics and Computing.
Cham: Springer, pp. 305–322.

García, L., Parra, L., Jimenez, J.M., Lloret, J. & Lorenz, P. (2020)
IoT-based smart irrigation systems: An overview on the recent
trends on sensors and IoT systems for irrigation in precision
agriculture. Sensors, 20(4), 1042. Available from: https://doi.
org/10.3390/s20041042

Goap, A., Sharma, D., Shukla, A.K. & Krishna, C.R. (2018) An IoT
based smart irrigation management system using machine
learning and open source technologies. Computers and Elec-
tronics in Agriculture, 155, 41–49. Available from: https://doi.
org/10.1016/j.compag.2018.09.040

Gu, Z., Qi, Z., Burghate, R., Yuan, S., Jiao, X. & Xu, J. (2020)
Irrigation scheduling approaches and applications: A review.
Journal of Irrigation and Drainage Engineering, 146(6),
04020007. Available from: https://doi.org/10.1061/(ASCE)IR.
1943-4774.0001464

Imran, M.A., Ali, A., Ashfaq, M., Hassan, S., Culas, R. & Ma, C.
(2019) Impact of climate-smart agriculture (CSA) through
sustainable irrigation management on resource use efficiency:
A sustainable production alternative for cotton. Land Use
Policy, 88, 104113. Available from: https://doi.org/10.1016/j.
landusepol.2019.104113

Jagannathan, S. & Priyatharshini, R. (2015) A smart farming system
using sensors for agricultural task automation. In: Technologi-
cal Innovation in ICT for Agriculture and Rural Development
(TIAR). Chennai, India: IEEE, pp. 49–53 https://doi.org/10.
1109/TIAR.2015.7358530

Khanna, A. & Kaur, S. (2019) Evolution of internet of things (IoT)
and its significant impact in the field of precision agriculture.
Computers and Electronics in Agriculture, 157, 218–231. Avail-
able from: https://doi.org/10.1016/j.compag.2018.12.039

Kim, Y., Evans, R.G. & Iversen, W.M. (2008) Remote sensing and
control of an irrigation system using a distributed wireless sen-
sor network. IEEE Transactions on Instrumentation and Mea-
surement, 57(7), 1379–1387. Available from: https://doi.org/10.
1109/TIM.2008.917198

Krishnan, R.S., Julie, E.G., Robinson, Y.H., Raja, S., Kumar, R. &
Thong, P.H. (2020) Fuzzy logic based smart irrigation system
using internet of things. Journal of Cleaner Production, 252,
119902. Available from: https://doi.org/10.1016/j.jclepro.2019.
119902

36 S ET AL.

 15310361, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ird.2757 by Jiusheng L

i - C
ochraneC

hina , W
iley O

nline L
ibrary on [19/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0003-2901-2091
https://orcid.org/0000-0003-2901-2091
https://orcid.org/0000-0002-4416-6198
https://orcid.org/0000-0002-4416-6198
https://orcid.org/0000-0002-1331-9622
https://orcid.org/0000-0002-1331-9622
https://orcid.org/0000-0002-1331-9622
https://doi.org/10.5120/ijca2017915722
https://doi.org/10.3390/s20041042
https://doi.org/10.3390/s20041042
https://doi.org/10.1016/j.compag.2018.09.040
https://doi.org/10.1016/j.compag.2018.09.040
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001464
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001464
https://doi.org/10.1016/j.landusepol.2019.104113
https://doi.org/10.1016/j.landusepol.2019.104113
https://doi.org/10.1109/TIAR.2015.7358530
https://doi.org/10.1109/TIAR.2015.7358530
https://doi.org/10.1016/j.compag.2018.12.039
https://doi.org/10.1109/TIM.2008.917198
https://doi.org/10.1109/TIM.2008.917198
https://doi.org/10.1016/j.jclepro.2019.119902
https://doi.org/10.1016/j.jclepro.2019.119902


Nolz, R., Kammerer, G. & Cepuder, P. (2013) Calibrating soil water
potential sensors integrated into a wireless monitoring net-
work. Agricultural Water Management, 116, 12–20. Available
from: https://doi.org/10.1016/j.agwat.2012.10.002

Pallavi, S., Mallapur, J.D. & Bendigeri, K.Y. (2017) Remote sensing
and controlling of greenhouse agriculture parameters based on
IoT. In: International Conference on Big Data, IoT and Data Sci-
ence (BID). Bagalgot India: IEEE, pp. 44–48 https://doi.org/10.
1109/BID.2017.8336571

Pathak, A., AmazUddin, M., Abedin, M.J., Andersson, K.,
Mustafa, R. & Hossain, M.S. (2019) IoT-based smart system to
support agricultural parameters: A case study. Procedia Com-
puter Science, 155, 648–653. Available from: https://doi.org/10.
1016/j.procs.2019.08.092

Penman, H.L. (1948) Natural evaporation from open water, bare
soil and grass. Proceedings of the Royal Society of London, A193,
120–146.

Pradeep, K. & Byregowda, B.K. (2017) Greenhouse monitoring and
automation system using microcontroller. International Journal
of Engineering Trends and Technology, 45(5), 196–201. Avail-
able from: https://doi.org/10.14445/22315381

Segarra, J., Buchaillot, M.L., Araus, J.L. & Kefauver, S.C. (2020)
Remote sensing for precision agriculture: Sentinel-2 improved

features and applications. Agronomy, 10(5), 641. Available
from: https://doi.org/10.3390/agronomy10050641

Tzounis, A., Katsoulas, N., Bartzanas, T. & Kittas, C. (2017) Internet
of things in agriculture, recent advances and future challenges.
Biosystems Engineering, 164, 31–48. Available from: https://doi.
org/10.1016/j.biosystemseng.2017.09.007

Zhu, X., Chikangaise, P., Shi, W., Chen, W.H. & Yuan, S. (2018)
Review of intelligent sprinkler irrigation technologies for
remote autonomous system. International Journal of Agricul-
tural and Biological Engineering, 11(1), 23–30. Available from:
https://doi.org/10.25165/j.ijabe.20181101.3557

How to cite this article: S, V.K., Singh, C.D.,
Rao, K.V.R., Kumar, M. & Rajwade, Y.A. (2023)
Development of a smart IoT-based drip irrigation
system for precision farming. Irrigation and
Drainage, 72(1), 21–37. Available from: https://doi.
org/10.1002/ird.2757

S ET AL. 37

 15310361, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ird.2757 by Jiusheng L

i - C
ochraneC

hina , W
iley O

nline L
ibrary on [19/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.agwat.2012.10.002
https://doi.org/10.1109/BID.2017.8336571
https://doi.org/10.1109/BID.2017.8336571
https://doi.org/10.1016/j.procs.2019.08.092
https://doi.org/10.1016/j.procs.2019.08.092
https://doi.org/10.14445/22315381
https://doi.org/10.3390/agronomy10050641
https://doi.org/10.1016/j.biosystemseng.2017.09.007
https://doi.org/10.1016/j.biosystemseng.2017.09.007
https://doi.org/10.25165/j.ijabe.20181101.3557
https://doi.org/10.1002/ird.2757
https://doi.org/10.1002/ird.2757

	Development of a smart IoT-based drip irrigation system for precision farming
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Components of the IoT-based smart drip irrigation system
	2.1.1  Hardware components
	2.1.2  Software component

	2.2  Field data collection device
	2.3  Web service for online data collection
	2.4  Wireless communication protocol
	2.5  Assembly of the developed system
	2.6  The soil moisture sensor calibration
	2.7  Soil moisture prediction algorithm
	2.8  Experimental layout
	2.9  Irrigation monitoring
	2.10  Crop growth parameters
	2.11  Performance evaluation of the IoT system
	2.12  Statistical analysis

	3  RESULTS AND DISCUSSION
	3.1  Calibration of the soil moisture sensor
	3.2  Performance evaluation of the data acquisition system
	3.3  Performance analysis

	4  CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICTS OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


