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Abstract
This study developed an Internet of Things (IoT)-based soil moisture monitoring and automatic irrigation system for oil palm
seedlings in the main nursery using an ESP32 microcontroller and a YL-69 soil moisture sensor. The proposed system integrates
a relay module, a water pump, and the Blynk Cloud platform to provide real-time soil moisture monitoring, threshold-based
automatic irrigation, and cloud-based remote monitoring within a single IoT platform. A prototype-based development approach
consisting of problem identification, system design, implementation, testing, and evaluation was employed. Experimental
evaluation conducted over a four-week period demonstrated that the developed prototype successfully differentiated dry, moist,
and wet soil conditions, transmitted soil moisture data to the Blynk dashboard through a Wi-Fi connection in real time,
automatically controlled irrigation based on a predefined soil moisture threshold, and maintained an average daily irrigation
volume of 498.75 mL. The system also implemented a consecutive-reading confirmation mechanism to improve operational
stability by reducing unnecessary relay switching caused by temporary sensor fluctuations. These findings indicate that the
proposed system successfully integrates real-time soil moisture monitoring, threshold-based automatic irrigation, and cloud-based
remote monitoring into a single [oT platform for supporting automated irrigation management of oil palm seedlings in the main
nursery.
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Introduction

Oil palm (Elaeis guineensis Jacq.) is one of Indonesia's strategic plantation commodities and contributes
significantly to the national economy. In the cultivation process, the nursery stage, particularly the main nursery, plays
a crucial role because the quality of seedlings produced during this phase strongly influences subsequent plant growth
and plantation productivity [1], [2]. Proper nursery management is essential because water availability, nutrient
management, and environmental conditions directly affect seedling growth and quality [2], [3]. Recent studies have
reported that appropriate irrigation management is one of the key factors influencing oil palm seedling development.
Inadequate irrigation may cause water stress and suppress plant growth, whereas excessive irrigation may increase
water consumption and reduce irrigation efficiency [4]. Nevertheless, irrigation management in many oil palm
nurseries is still performed manually, relying on operator observations and fixed watering schedules. Such practices
often fail to respond promptly to changes in soil moisture conditions, resulting in inconsistent irrigation, inefficient
water use, and non-uniform seedling growth [4].

Soil moisture is one of the most important environmental parameters affecting oil palm seedling development
because it directly influences nutrient uptake, root growth, and overall plant vigor. Soil that is excessively dry inhibits
nutrient absorption and plant development, whereas excessive soil moisture increases the risk of root damage and
disease incidence. Therefore, continuous soil moisture monitoring and appropriate irrigation management are essential
for maintaining optimal growing conditions during the main nursery stage [5], [6].

Recent advances in IoT technology enable real-time environmental monitoring and automatic irrigation control
through cloud-based communication platforms [7], [8]. Furthermore, cloud-based platforms and mobile applications
enable farmers to monitor field conditions remotely and make timely irrigation decisions [9]. Among various IoT
platforms, the ESP32 microcontroller is widely adopted because it integrates Wi-Fi connectivity, adequate processing
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capability, and low power consumption within a single device, making it suitable for embedded monitoring systems
[10]. However, the performance of ESP32-based monitoring systems remains dependent on the availability and
stability of wireless network connectivity, particularly in plantation environments where internet coverage may be
limited [11]. Likewise, the YL-69 sensor has been widely employed for soil moisture measurement because of its low
cost, simple implementation, and satisfactory performance after calibration [5], [6]. Nevertheless, as a resistive soil
moisture sensor, its measurement accuracy may be influenced by soil characteristics, mineral content, and electrode
corrosion during prolonged operation, requiring periodic calibration to maintain reliable performance [5].

Several previous studies have developed IoT-based soil moisture monitoring and automatic irrigation systems for
various agricultural applications. Ulinuha and Riza [12] integrated automatic irrigation with the Blynk platform to
enable remote monitoring and control through Android devices. Mahfud et al. [13] developed an IoT-based soil
moisture monitoring system; however, the proposed system was limited to monitoring functions without automatic
irrigation control. Budiraharjo et al. [14] implemented an loT-based irrigation system for potato cultivation, whereas
Maulana and Supardi [11] proposed an IoT-based automatic irrigation system integrated with Telegram for remote
monitoring and control. Other studies also demonstrated the implementation of Android-based applications for smart
agricultural monitoring and control [15], [18]. These studies demonstrate that IoT technology can effectively support
soil moisture monitoring and automatic irrigation; however, most systems were developed for general agricultural
applications and did not specifically address the operational requirements of oil palm seedlings in the main nursery.

Despite these developments, several technical limitations remain. Previous studies generally implemented
monitoring and irrigation as separate functions or employed direct threshold-based irrigation without additional
mechanisms to improve operational stability during temporary fluctuations in soil moisture measurements.
Furthermore, these systems were developed for general agricultural applications and did not specifically address the
operational requirements of oil palm seedlings during the main nursery stage. Therefore, an integrated IoT-based
system incorporating continuous soil moisture monitoring, threshold-based automatic irrigation, cloud-based remote
monitoring, and a consecutive-reading confirmation mechanism is required to improve irrigation stability while
minimizing unnecessary relay switching caused by temporary fluctuations in sensor readings.

The novelty of this study lies in integrating threshold-based automatic irrigation with a consecutive-reading
confirmation mechanism to improve relay stability while providing cloud-based remote monitoring specifically for
oil palm seedlings in the main nursery.

Method

This study employed a prototype-based Internet of Things (IoT) development approach to design and implement a
soil moisture monitoring and automatic irrigation system for oil palm seedlings in the main nursery area. The prototype
development process consisted of seven sequential stages: problem identification, literature review, system
requirements analysis, system design, implementation, testing, and evaluation. The overall research stages are
illustrated in Figure 1.

Problem Identification & Thearetical Information System Requirements

> i —¥ Impl ion  — Te » luati
Field Requirements Callection Analysis System Design System Implementation System Testing Evaluation

Figure 1. Research stages of the proposed system

The proposed system consists of a YL-69 soil moisture sensor, an ESP32 microcontroller, a relay module, a water
pump, and the Blynk Cloud platform. The ESP32 was selected as the primary controller because it integrates Wi-Fi
connectivity, adequate processing capability, and low power consumption, making it suitable for IoT-based monitoring
applications [10]. The YL-69 sensor was employed to measure soil moisture due to its low cost, ease of implementation,
and satisfactory performance for soil moisture monitoring applications [5], [6]. The relay module was used to
automatically control the water pump based on soil moisture measurements, while the Blynk Cloud platform provided
real-time data transmission, visualization, and remote monitoring through mobile devices [12], [15].

The hardware configuration was implemented by connecting the YL-69 sensor to the analog input pin of the ESP32
to acquire soil moisture data. The relay module was connected to one of the ESP32 GPIO pins to control the water
pump automatically. The software was developed using Arduino IDE and integrated with the Blynk Cloud platform to
display soil moisture information and irrigation status in real time.

To support automatic irrigation control, the analog output of the YL-69 sensor was converted into soil moisture
percentages using predefined reference values. An analog value of 4095 was assigned as the dry soil reference, whereas
1500 was assigned as the wet soil reference. These predefined reference values were linearly mapped into a soil moisture
range of 0—100% using the ESP32 mapping function. A soil moisture threshold of 75% was defined as the irrigation
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decision point. When the measured soil moisture was below 75%, the ESP32 activated the relay module to switch on
the water pump automatically. Conversely, when the measured soil moisture reached or exceeded 75%, the relay
module was deactivated, switching the water pump off. To improve operational reliability and reduce false relay
activation caused by temporary sensor fluctuations, the controller required three consecutive measurements satisfying
the threshold condition before changing the pump state.
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Figure 2. Operational workflow of the proposed system

As illustrated in Figure 2, the operational workflow begins with the initialization of the ESP32 microcontroller, YL-
69 soil moisture sensor, relay module, Wi-Fi connection, and the Blynk Cloud platform. After successful initialization,
the system continuously acquires soil moisture measurements from the YL-69 sensor, converts the analog readings into
soil moisture percentages, and transmits the processed data to the Blynk dashboard for real-time monitoring. The ESP32
subsequently compares the measured soil moisture value with the predefined irrigation threshold to determine whether
automatic irrigation should be activated or deactivated. A consecutive-reading confirmation mechanism is then applied
before changing the relay status to minimize unnecessary switching caused by temporary fluctuations in sensor
readings. This monitoring and control cycle is continuously repeated to maintain stable soil moisture conditions
throughout the operation of the proposed system.

The ESP32 continuously compared the measured soil moisture percentage with the predefined threshold of 75%.
When the measured value remained below the threshold, the OFF counter was reset while the ON counter was
incremented. The relay module was activated only after three consecutive measurements satisfied the threshold
condition, thereby preventing false relay activation caused by temporary fluctuations in sensor readings. Once activated,
the relay switched on the water pump and simultaneously updated the irrigation status on the Blynk dashboard.
Conversely, when the measured soil moisture reached or exceeded 75%, the ON counter was reset and the OFF counter
was incremented. After three consecutive measurements confirmed that the soil moisture remained above the threshold,
the relay module was deactivated, the water pump was switched off, and the updated irrigation status was transmitted
to the Blynk dashboard.

The monitoring and automatic irrigation processes were executed repeatedly at one-second intervals, enabling
continuous soil moisture monitoring, timely irrigation control, and stable system operation while minimizing
unnecessary relay switching caused by temporary fluctuations in sensor measurements.
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Results and Discussion

The proposed IoT-based soil moisture monitoring and automatic irrigation system was successfully developed and
implemented by integrating an ESP32 microcontroller, a YL-69 soil moisture sensor, a relay module, a water pump,
and the Blynk Cloud platform. The developed prototype enables real-time soil moisture monitoring and automatic
irrigation based on predefined soil moisture thresholds. Figure 3 illustrates the physical implementation of the
developed prototype, including the integration of the hardware components into a single operational system.

Figure 3. Hardware Implementation of the Proposed System

Figure 3 shows the hardware implementation of the proposed IoT-based monitoring and automatic irrigation
system. The ESP32 microcontroller functions as the central processing unit that receives analog soil moisture data
from the YL-69 sensor, processes the measurements according to the predefined irrigation algorithm, and controls the
relay module. The relay module automatically switches the water pump on or off based on the irrigation decision
generated by the ESP32. In addition, the ESP32 transmits the processed monitoring data to the Blynk Cloud platform
through a Wi-Fi connection, enabling real-time visualization of soil moisture conditions and irrigation status on the
monitoring dashboard.

A. System Implementation

The developed prototype successfully integrated the ESP32 microcontroller, YL-69 soil moisture sensor, relay
module, water pump, and power supply into a single loT-based monitoring and automatic irrigation platform. During
system operation, the ESP32 continuously acquired analog soil moisture data from the YL-69 sensor, converted the
sensor readings into soil moisture percentages, compared the measured values with the predefined irrigation threshold,
and generated control signals for the relay module. The relay module subsequently activated or deactivated the water
pump according to the soil moisture condition, enabling automatic irrigation without requiring continuous user
intervention.

During experimental evaluation, the ESP32 successfully acquired analog soil moisture data from the YL-69 sensor,
processed the sensor readings into soil moisture percentages, transmitted the monitoring data to the Blynk Cloud
platform through a Wi-Fi connection, and controlled the relay module according to the predefined irrigation threshold.
The monitoring information displayed on the Blynk dashboard was consistent with the actual operating conditions of
the prototype, indicating reliable communication between the ESP32 and the cloud platform throughout the testing
process. These results demonstrate that the ESP32 provides sufficient processing capability and stable wireless
communication for IoT-based monitoring and automatic irrigation applications. Similar findings have been reported by
Noerifanza [10] and Nurul Huda et al. [16], who demonstrated the suitability of the ESP32 for IoT-based monitoring
systems.

The developed software successfully executed continuous soil moisture monitoring, automatic irrigation control,
and cloud-based data communication simultaneously. Sensor measurements were acquired every one second, converted
into soil moisture percentages, transmitted to the Blynk Cloud platform, and displayed on the monitoring dashboard in
real time. The software also automatically controlled the relay module whenever the measured soil moisture crossed
the predefined threshold, ensuring timely irrigation without continuous user intervention. Consequently, users were
able to remotely monitor soil moisture conditions, irrigation status, and measurement time through smartphones or
computers connected to the internet. These findings indicate that the developed software effectively integrates
monitoring, communication, and automatic irrigation control within a single IoT-based platform.
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Figure 4. Blynk Monitoring Dashboard
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Figure 4 presents the Blynk monitoring dashboard used for remote supervision of the developed system. The
dashboard displays real-time soil moisture percentage, irrigation status, and the operating condition of the water pump
transmitted by the ESP32 through the Blynk Cloud platform. This interface enables users to continuously monitor soil
conditions and irrigation activities remotely using smartphones connected to the internet.

B. Soil Moisture Monitoring Results
The soil moisture monitoring performance of the proposed system was evaluated by testing the YL-69 sensor under
different soil moisture conditions. The sensor readings were converted into soil moisture percentages by the ESP32 and
subsequently used to determine the irrigation status according to the predefined threshold. The testing results are
summarized in Table 1.
Table 1. Soil Moisture Sensor Testing Results
Soil Condition  Soil Moisture (%) Pump Status

Very dry 32 ON
Dry 45 ON
Slightly dry 58 ON
Slightly moist 67 ON
Near threshold 74 ON
Threshold 75 OFF
Moist 79 OFF
Moist 84 OFF
Very moist 91 OFF
Water saturated 98 OFF

Table 1 shows that the developed algorithm successfully classified soil moisture conditions and activated the
irrigation system according to the predefined threshold.

These results demonstrate that the proposed threshold-based irrigation strategy successfully maintained the desired
irrigation behavior throughout the testing process. The gradual transition of pump operation around the threshold value
indicates that the ESP32 correctly interpreted the sensor measurements and executed the automatic irrigation algorithm
as designed. Furthermore, the implementation of the consecutive-reading confirmation mechanism prevented
unnecessary relay switching caused by temporary fluctuations in sensor readings, thereby improving the operational
stability of the proposed irrigation system.
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Figure 5. Real-Time Soil Moisture Monitoring Results Displayed on the Blynk Dashboard

Figure 5 illustrates the real-time monitoring results displayed on the Blynk dashboard. The dashboard continuously
presents the measured soil moisture percentage, irrigation status, and measurement updates received from the ESP32
through the Blynk Cloud platform. During system operation, each sensor measurement was transmitted via the Wi-Fi
connection and immediately updated on the dashboard, enabling users to remotely observe changes in soil moisture
conditions and the operating status of the irrigation system using smartphones or computers connected to the internet.
The displayed information corresponds to the actual measurements obtained during the experimental evaluation,
confirming successful synchronization between the ESP32 and the Blynk Cloud platform.

The monitoring results indicate that the ESP32 successfully transmitted soil moisture data to the Blynk Cloud
platform throughout the testing process, allowing the dashboard to continuously update monitoring information in real
time. This integration enabled remote observation of soil moisture conditions and irrigation status without requiring
direct interaction with the prototype, demonstrating the capability of the proposed IoT architecture to support
continuous monitoring of oil palm seedlings in the main nursery. Although this study primarily focused on evaluating
the functional performance of the developed prototype rather than the metrological characteristics of the sensor, the
YL-69 sensor consistently differentiated dry, moist, and wet soil conditions throughout the experimental evaluation.
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These findings are consistent with previous studies reporting that the YL-69 sensor provides adequate performance
for prototype-scale loT-based soil moisture monitoring after proper calibration [5], [6]. Similar monitoring capabilities
have also been reported in cloud-based agricultural monitoring systems utilizing ESP32 microcontrollers and IoT
communication platforms [7], [15], [17].

C. Automatic Irrigation Performance

The automatic irrigation performance of the proposed system was evaluated by measuring the volume of water
delivered by the irrigation system during a four-week experimental period. The ESP32 microcontroller automatically
controlled the operating time of the DC water pump based on the soil moisture measurements acquired from the YL-
69 sensor. According to the irrigation requirements for oil palm seedlings in the nursery, each seedling requires 250 mL
of water per irrigation session, with two irrigation sessions performed daily. Consequently, the target daily irrigation
volume was 500 mL. The experimental results are summarized in Table 2.

Table 2. Daily Irrigation Volume During the Four-Week Experimental Period
Week Target Water Volume (mL/day) Average Water Volume (mL/day)

1 500 496
2 500 501
3 500 498
4 500 500
Average 500 498.75

As presented in Table 2, the developed automatic irrigation system consistently supplied water close to the
predefined target of 500 mL/day throughout the four-week testing period. The measured daily irrigation volume ranged
from 496 mL/day to 501 mL/day, resulting in an average irrigation volume of 498.75 mL/day. These results indicate
that the ESP32 successfully controlled the operating duration of the water pump, enabling the developed prototype to
deliver a stable irrigation volume during the experimental evaluation.

The observed variation in irrigation volume was relatively small, with a maximum deviation of only 4 mL from the
target daily irrigation volume. This variation may be attributed to fluctuations in the water pump flow rate, power supply
stability, pump operating duration, and water pressure during irrigation. Nevertheless, the deviation remained below
1% of the target irrigation volume, indicating that the developed system maintained a consistent water supply suitable
for oil palm seedlings during the nursery stage.

The implementation of IoT technology played an important role in the automatic irrigation process by integrating
soil moisture sensing, irrigation control, and cloud-based monitoring into a single platform. The ESP32 continuously
received soil moisture measurements from the YL-69 sensor, processed the irrigation decision based on the predefined
threshold, activated or deactivated the relay module accordingly, and simultaneously transmitted monitoring
information to the Blynk Cloud platform. This integration enabled automatic irrigation without continuous manual
intervention while allowing users to remotely monitor soil moisture conditions and irrigation status through the Blynk
dashboard. Similar prototype evaluations have also demonstrated that IoT-based automatic irrigation systems can
maintain stable irrigation performance while reducing manual intervention during irrigation processes [19]. Similar
IoT-based irrigation capabilities have been reported in previous studies employing cloud platforms and ESP32
microcontrollers for smart agricultural applications [12], [17], [20].

D. IoT Monitoring Performance

The IoT monitoring performance was evaluated by assessing the capability of the proposed system to transmit soil
moisture data from the ESP32 microcontroller to the Blynk Cloud platform under different network conditions. The
evaluation focused on the continuity of data transmission, synchronization between sensor measurements and the
Blynk dashboard, and the availability of monitoring information during stable, unstable, and disconnected internet
conditions. The testing results are summarized in Table 3.

Table 3. IoT Monitoring Performance under Different Network Conditions
Network Condition Data Transmission Dashboard Display

Stable Successful Real-Time Updated
Unstable Delayed Updated With Delay
No Internet Failed Not Updated

As presented in Table 3, the proposed IoT monitoring system successfully transmitted soil moisture information
and irrigation status to the Blynk Cloud platform under stable network conditions. Sensor measurements acquired by
the YL-69 sensor were processed by the ESP32 and transmitted through the Wi-Fi connection, enabling the Blynk
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dashboard to display updated monitoring information in real time. These results confirm that the developed
communication architecture supported continuous remote monitoring during normal network operation. When the
internet connection became unstable, the ESP32 continued processing soil moisture measurements and executing the
automatic irrigation algorithm locally; however, data transmission to the Blynk Cloud platform experienced temporary
delays. Consequently, updates on the monitoring dashboard were displayed with slight latency. Once the network
connection returned to a stable condition, the dashboard resumed displaying the latest monitoring information
correctly.

During internet disconnection, the ESP32 continued performing soil moisture monitoring and automatic irrigation
independently because the irrigation algorithm was executed locally within the microcontroller. However, monitoring
data could not be transmitted to the Blynk Cloud platform until the internet connection was restored. Therefore,
automatic irrigation remained operational even though remote monitoring was temporarily unavailable.

Overall, the experimental results demonstrate that the proposed IoT architecture successfully integrated soil
moisture sensing, local automatic irrigation control, wireless communication, cloud-based data transmission, and
remote visualization into a single monitoring platform. The ESP32 functioned not only as the main controller for
automatic irrigation but also as the communication gateway between the sensing unit and the Blynk Cloud platform.
Consequently, users were able to remotely observe soil moisture conditions and irrigation status through the Blynk
dashboard without direct interaction with the prototype. Similar monitoring capabilities have been reported in previous
IoT-based agricultural systems utilizing cloud platforms and ESP32 microcontrollers [7], [12], [17], [20].

Conclusion

This study successfully developed an Internet of Things (IoT)-based soil moisture monitoring and automatic
irrigation system for oil palm seedlings in the main nursery using an ESP32 microcontroller, a YL-69 soil moisture
sensor, a relay module, a DC water pump, and the Blynk Cloud platform. Experimental evaluation demonstrated that
the proposed prototype successfully monitored soil moisture conditions in real time, automatically controlled
irrigation according to the predefined soil moisture threshold, and transmitted monitoring information to the Blynk
dashboard through a Wi-Fi connection. The automatic irrigation system consistently delivered an average daily
irrigation volume of 498.75 mL during the four-week testing period, indicating stable irrigation performance of the
developed prototype.

The experimental results demonstrate the feasibility of integrating soil moisture sensing, automatic irrigation
control, and cloud-based remote monitoring within a single IoT platform to support automated irrigation management
for oil palm seedlings. Nevertheless, this study primarily evaluated the functional performance of the developed
prototype under controlled experimental conditions. Therefore, the results should not be generalized directly to large-
scale plantation environments without further field validation.

Future studies should evaluate the performance of the proposed system under different environmental conditions,
including variations in soil characteristics, temperature, humidity, and plantation-scale operating conditions. In
addition, further investigation using reference soil moisture measuring instruments is recommended to evaluate sensor
accuracy, measurement error, and long-term reliability of the YL-69 sensor during continuous field operation.
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