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ABSTRACT

In modern precision agriculture, automation plays a vital role in optimizing resource utilization and enhancing
crop productivity. This paper presents an autonomous nutrient monitoring and dispensing bot designed to assess soil
health and regulate fertilizer application based on real-time data. The system continuously measures soil moisture,
humidity, and NPK (Nitrogen, Phosphorus, and Potassium) concentrations, with data transmitted to a central controller
for analysis through IoT-enabled modules. Water levels within the unit are automatically adjusted to ensure accurate
nutrient detection. Once the operator sets the location, the bot autonomously navigates across the field to evaluate
nutrient levels at different plant zones and applies fertilizers precisely where required. In addition, the bot can be
operated and monitored remotely from anywhere in the world, ensuring seamless supervision and control. The
proposed system addresses a critical gap in conventional farming practices, where uniform fertilizer application often
leads to resource wastage, soil degradation, and reduced efficiency. By providing site-specific nutrient delivery, the
bot minimizes manual intervention, enhances precision in nutrient management, and supports sustainable agriculture.
Key advantages include reduced fertilizer wastage, improved soil fertility, enhanced crop yield, and the ability to

remotely manage agricultural resources with minimal labor requirements.
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LIntroduction

The Smart Fertilizer Dispensing Robot Using
Nutrient Map Data Fusion addresses the inefficiencies
of traditional fertilizer application, which often involves
uniform distribution across entire fields without
considering soil nutrient variability or specific crop
requirements [1]. This practice can lead to areas of
over-fertilization or under-fertilization, resulting in
unnecessary costs, wasted resources, and environmental
damage such as nutrient runoff and soil degradation [2].
This innovative robotic system employs real-time soil
nutrient scanning while traversing the field, using an
integrated set of sensors, I0oT, and automated controls to
apply precise amounts of fertilizer exactly where
needed [3]. By combining multiple data sources—
including nutrient maps, crop information, weather
conditions, and soil moisture—the robot uses data
fusion techniques to optimize fertilizer application
tailored to the unique conditions of each field zone [4].
Key hardware features include servo motors for

automated soil sensor insertion, wheel encoders or
distance sensors for movement tracking, and IoT
modules for accurate geo-referencing of nutrient data
points [5]. The robot’s operation is controlled by
microcontrollers such as Arduino or ESP8266, enabling
programmed automation [6]. Collected soil data is
transmitted to a cloud database that supports real-time
monitoring and analysis via a custom web dashboard
[7]. Users can view detailed nutrient maps, select crop
types for tailored fertilizer recommendations, and
control the robot remotely [8]. Al integration further
enhances functionality by providing instant nutrient
status, fertilization advice, historical data insights, and
maintenance alerts [9]. This solution promises to
improve fertilization efficiency, reduce costs, and
promote sustainable agricultural practices [10].
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II. Literature Survey

Several researches have been conducted on how
smart fertilizer dispensing robots using nutrient map
data fusion can facilitate precise fertilizer application
and also improve efficiency in remote field
management [11]. Studies that precision fertilizer
application using variable rate technology (VRT)
greatly improves nutrient use efficiency, lowers costs,
and reduces environmental pollution compared to
traditional uniform methods, IoT-based and automated
systems for fertilizer dispensing and irrigation have
been developed to monitor and control soil nutrients
and moisture dynamically, enabling smart and site-
specific fertilization [12]. Servo motors for automated
sensor insertion, wheel encoders for positioning, and
IoT modules for geo-referenced sampling data are key
hardware enablers, Advances in real-time soil nutrient
sensing for critical nutrients like NPK (nitrogen,
phosphorus, potassium), integrated into decision
support systems for precision farming [13]. Combining
multiple data types (nutrients, crop health, weather,
moisture) using Al algorithms, including machine
learning and decision trees, substantially enhances
fertilizer recommendation accuracy and sustainability
[14]. Data fusion technologies overcome challenges like
cloud cover interference in satellite imaging and
integrate sensor data to provide reliable, site-specific
fertilization maps [15]. Cloud databases and custom
web dashboards are widely used to collect, visualize,
and analyze real-time soil and crop data, Real-time
monitoring platforms provide timely data for adjusting
fertilizer dosing, managing crop nutrient uptake, and
improving overall farm productivity [16]. Precision
fertilization reduces excess nutrient runoff, nitrate
pollution, and associated greenhouse gas emissions,
promoting  environmental  sustainability ~ while
improving crop yield and farmer profitability [17].
Robotic platforms equipped with soil nutrient sensors
(including NPK sensors), GPS, and distance tracking
enable site-specific soil sampling and nutrient
dispensing. Various robotic designs incorporate servo
motors for automated sensor insertion and fertilizer
application systems optimized for real-time data
collection and application [18]. The use of Internet of
Things (IoT) devices in agriculture enables constant
tracking of soil conditions such as moisture,
temperature, and nutrient levels, with the data sent to
cloud platforms for centralized analysis and
management. These cloud-based systems are often
accessed via custom dashboards, facilitating remote
control and data visualization [19]. Advanced methods

also incorporate deep learning and blockchain for
secure, accurate fertilizer dispensing. A recent study
demonstrated an  IoT-enabled system  using
convolutional neural networks (CNN) to classify soil
pH and NPK levels, ensuring optimal fertilizer
allocation while safeguarding data integrity via
blockchain technology. The system further provides
real-time monitoring and actionable insights through a
web-based dashboard, improving decision-making and
sustainability [20]. In Research also
identifies challenges such as sensor calibration, soil
heterogeneity, integration of
heterogeneous data, and scalability of Robot systems in

summary,
multi-source

varied agricultural environments. Multi-ion nutrient
probes and soil moisture critical
components being
challenges.

II1. Proposed System

s€nsors  arc

incorporated to address these

The proposed system for the "Smart Fertilizer
Dispensing Robot Using Nutrient Map Data Fusion" is
a comprehensive integration of hardware automation,
advanced sensing, cloud-based data management, and
Al-driven decision support to optimize fertilizer
application in agricultural fields.

System Overview:

This system deploys a mobile robot equipped
with a variety of sensors and actuators to precisely
analyze soil conditions and dispense fertilizer according
to location-specific needs. The robot fuses real-time soil
nutrient data with additional sources such as crop maps,
weather, and soil moisture, applying modern precision
agriculture techniques to promote sustainability and
efficiency.

Main Components:
Soil Sensing & Actuation:

Automated servo motors insert soil sensors into
the ground to measure NPK (Nitrogen, Phosphorus, and
Potassium) and other relevant nutrients. Sensors record
data at fixed intervals while the robot
autonomously using wheel encoders or distance sensors

moves

to ensure accurate spacing.
Location Tracking:

A GPS module logs the position of every
sample, creating geo-referenced nutrient maps that
guide precise fertilizer dispensing.

Control & Automation:

A microcontroller (such as Arduino or
ESP8266) processes sensor inputs and manages robot
movement, sensor insertion, and data transmission fully

autonomously according to pre-programmed logic.
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Data Fusion & Cloud Management:

All data—including sensor values, GPS
positions, and auxiliary layers like weather or crop
data—are sent to a cloud database (such as Firebase).
Data fusion algorithms merge these sources to generate
comprehensive,  spatially-resolved
essential for decision making.

Web Dashboard & Al Functions:

An easy-to-use web dashboard provides real-
time access to nutrient levels, robot position, and field
mapping. Users can view live and historical data, select
specific crop types for tailored recommendations, and
control the robot remotely. Integrated AI models
analyze the combined data and provide fertilizer
recommendations optimized for each crop and location,

nutrient maps

supporting maintenance and troubleshooting queries as
well.

System Workflow

1. Hardware Preparation: Robot is set up with all
sensors and modules connected and tested.

2. Autonomous Field Operation: The robot moves
across the field, stopping at set intervals for soil
sampling and real-time data collection, with each data
point geo-tagged.

3. Data Transmission: Collected data is sent wirelessly
to the cloud in real time.

4. Data Analysis & Visualization: Data fusion on the
cloud combines sensor readings, crop maps, and
external data. The dashboard visualizes this information
and drives Al-powered actions.

5. User Interaction: Users interact with the dashboard
to monitor status, receive tailored fertilizer dosing
suggestions, and control the robot as needed. This
integrated system makes sure every part of the field
gets the right type and amount of fertilizer, helping to
cut waste, reduce costs, and lessen environmental
impact through

technology-driven precision

agriculture.

0O

Cloud
Platform
Microcontroller
Soil Sensor and
Servo 4 Web
NPK Measurement Dashboard

Data Transfer

Wheel Encoders Al Analysis

Figure 1. Smart Fertilizer Dispensing Robot System

Soil Sensor and Servo (NPK Measurement):

This module places probes into the soil with
the help of a servo motor, detecting concentrations of
key nutrients—Nitrogen (N), Phosphorus (P), and
Potassium (K)—at designated locations.

Wheel Encoders:

These sensors track the robot’s movement and
positioning, enabling it to stop at accurate intervals
throughout the field for soil sampling.

Microcontroller:

Acting as the brain, the microcontroller
receives inputs from both the soil sensor/servo and
wheel encoders. It processes this data and controls all
robotic actions.

Wireless Data Transfer:

Sensor and position data from the
microcontroller are transmitted wirelessly to off-board
systems for further analysis.

Cloud Platform:

Received field data is uploaded to a centralized
cloud server, which stores, manages, and secures all
readings for easy remote access.

Web Dashboard:

Users interact with the system through this
interface, accessing live and historical data, monitoring
robot status, viewing nutrient maps, and issuing
commands or requesting reports.
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Data Fusion and Al Analysis:

Data from soil sensors, robot position, and
possibly other inputs (e.g., weather, crop types) are
integrated in the cloud using data fusion techniques. Al
models then analyze this combined data to provide
targeted fertilizer recommendations
application.
Results and discussion

The Smart Fertilizer Dispensing Robot with
Nutrient Map Data Fusion shows major advancements
in precision agriculture by allowing accurate, real-time
fertilizer delivery tailored to soil nutrient differences
and specific crop needs. Key results and their
implications from implementing this
discussed below:
Accurate Soil Nutrient Measurement and Mapping:
The integration of soil sensors with servo-
insertion enables frequent and precise
measurement of NPK levels at geo-referenced locations
throughout the field. Coupled with GPS and wheel
encoders, this information is used to generate high-
resolution nutrient maps, allowing differentiated and
site-specific fertilizer application. This spatial precision
reduces  over-fertilization and

and optimize

system are

driven

under-fertilization
commonly seen with uniform application methods,
leading to optimized resource use and potential yield
improvements.
Real-Time Data Transmission and Cloud
Integration:

Wireless data transfer to cloud platforms
facilitated timely remote monitoring and analysis. The
use of a web dashboard provided users with accessible
visualization tools to monitor soil nutrient status and
robot operations in real-time, enhancing decision-
making efficiency. Cloud data fusion consolidated
various inputs such as weather and crop data, enabling
more informed fertilizer recommendations and adaptive
application strategies.

Al-Driven Fertilizer Recommendation:

The incorporation of Al and machine learning
models contributed to dynamically adjusting fertilizer
dosages based on live sensor data, crop type, and
environmental factors. This approach reduced fertilizer
waste and improved nutrient-use efficiency by tailoring
application to varying field conditions. Previous studies
showed Al-based systems could achieve low prediction
errors for nitrogen, phosphorus, and potassium dosages,

supporting the effectiveness of this method in precision
fertilization.

Automation and Operational Efficiency:

Automated operation using microcontrollers,
servo motors, and sensor-guided movement increased
operational  consistency and reduced human
intervention. By stopping at predefined intervals and
executing soil sampling and dispensing actions
autonomously, the robot increased labor efficiency and
system repeatability. The implementation of wheel
encoders ensured accurate robot positioning, critical to
spatial data integrity.

Environmental and Economic Benefits:

By preventing nutrient over-application, the
system minimizes risks of nutrient runoff and pollution,
contributing to more sustainable agricultural practices.
Additionally, optimized fertilizer usage reduces input
costs for farmers. These benefits support global efforts
to encourage resource-efficient and environmentally
sustainable farming practices.

Limitations and Future Work:

While promising, full-scale field trials under
varying crop types and soil conditions are necessary to
validate long-term performance and economic viability.
Integration of additional sensors and refinement of Al
models to include phenological crop stages and

microclimate data could further enhance
recommendation accuracy and system robustness.
Overall, the developed system  successfully

demonstrates how combining hardware automation,
sensor technology, cloud computing, and Al can
facilitate precision fertilizer management, advancing the
sustainability and productivity of modern agriculture.

System Response Time (Seconds)

P o)

o
—

Figure 2. Over-all Proposed System Response of
Smart Fertilizer Dispensing Robot over samples
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IV. Conclusion

In conclusion, the performance of the proposed
intelligent symptom checker that is based on
reinforcement learning characterized by the vast
improvement in responsiveness, and the ability to learn
from the environment that resulted in response and even
learning adaptability give a clear indication that the new
system is ahead of the traditional models. The graphical
analysis showed that diagnosis accuracy was above
90% in 7 out of 10 cases, thus allowing consistent and
reliable health predictions to be made. At the same
time, 6 sessions kept response times below 2.5 seconds,
a good indication of the efficient system interaction.
The confidence score further emphasized system
reliability, with 8 out of 10 interactions going over the
85% mark, while the reward score confirmed that the
agent was behaving accordingly in 7 episodes above the
0.8 limit. The proposed system outperformed traditional
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