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Abstract: Agricultural productivity faces significant challenges from plant diseases and inefficient pesticide use. This paper 
presents an autonomous robotic system that integrates real-time machine vision with precision spraying technology. The 
platform navigates crop fields using a four-wheel drive system while capturing plant images through an onboard camera. 
These images are processed by a cloud-based Convolutional Neural Network that identifies specific plant diseases with 
93% accuracy. Upon detection, the system activates targeted spraying mechanisms that deliver disease-specific pesticides 
only to infected plants, utilizing multiple chemical reservoirs. Experimental results demonstrate a 70% reduction in 
pesticide consumption compared to conventional methods while maintaining effective disease control. The system 
operates on battery power and incorporates real-time monitoring through a web interface and mobile alerts. This 
research represents a significant advancement in agricultural technology, offering an eco-friendly solution that enhances 
crop productivity while minimizing environmental impact. The integration of robotics, artificial intelligence, and precision 
agriculture techniques provides a sustainable approach to plant disease management that can be scaled for various farming 
applications. The system's practical implementation shows promising results for reducing chemical usage and operational 
costs while maintaining crop health and yield quality. 
 

I. INTRODUCTION 
Agriculture is the backbone of global food security and economic stability, ensuring the livelihoods of approximately half of 
the world's population. Despite the revolutionary technological changes in this sector, agriculture continues to be plagued 
by a number of intransigent challenges that jeopardize sustainable production. Of all these factors, plant diseases pose a 
particularly insidious threat, with recent estimates indicating that 20-40% of all crops are lost annually worldwide due to 
fungal, bacterial, and viral infections [1]. Such losses have immense consequences in terms of reducing food availability and 
contributing to economic instability, especially in agrarian communities. Traditional methods of plant disease management 
have barely changed over many years, with a strong dependence on manual scouting and blanket application of pesticides. 
Various drawbacks in regard to conventional methods include the following: manual monitoring is labor-intensive, time-
consuming, and usually inconsistent; blanket spraying results in the wasteful use of chemicals. Research indicates that 
approximately 70% of applied pesticides fail to reach their intended targets [2], with the remaining portion causing 
environmental contamination, soil degradation, and resulting in pesticide-resistant pathogens. Another problem is that the 
diseases are mostly detected too late for effective interventions. Anti-β-lactam antibiotics are generally ineffective, since by 
the time treatment starts, the infection has usually spread widely. Industry 4.0 technologies have brought up new 
opportunities for fundamentally changing agricultural practices. Recent years have seen increasing interest in automated 
solutions for plant disease management, with a number of studies investigating computer vision-based detection systems 
[3,4] and autonomous spraying platforms [5,6]. 
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Yet most of these methods address either detection or spraying independently. Hence, there is a significant technological 
gap in integrated solutions seamlessly combining real-time disease identification with precision chemical application. 
Existing systems are often plagued by limitations such as cloud-dependent processing introducing critical latency [7] or 
single-chemical reservoirs limiting treatment flexibility [8]. Most of the proposed solutions also lack comprehensive field 
validation and practical implementation frameworks suitable for diverse agricultural environments. This paper presents the 
design, implementation, and experimental validation of an integrated robotic system that overcomes these limitations 
through novel technological integration. The contributions of our work to precision agriculture are manifold: we have 
developed a robust four-wheeled robotic platform capable of autonomous navigation in varied field conditions; we have 
implemented a hybrid processing architecture that optimally distributes computational tasks between edge devices and 
cloud services; and we have engineered a multi-reservoir precision spraying system that allows for targeted, disease-
specific treatment with minimal chemical waste. This system is landmark advancement in the field of sustainable agriculture 
due to its advanced integration of computer vision, mechatronic systems, and IoT technologies. Our work presents a 
holistic framework for effective crop protection, whereby all the three critical aspects of early detection, accurate 
diagnosis, and precise intervention are addressed simultaneously to achieve substantial reduction in chemical usage with a 
view to maintaining optimal disease control. In the following sections, system architecture, methodological approach, 
experimental results, and discussions are presented that collectively validate our solution as a practical and scalable 
approach toward modernization in plant disease management practices.  
 
 
 
 

II. LITERATURE REVIEW 
 

2.1 Lightweight CNN Architectures for Edge Deployment 
Patel et al. (2022) proposed the deployment of MobileNetV2 on edge devices for real-time plant disease detection. Their 
study showed that the optimized convolutional neural networks achieved 94.5% accuracy while maintaining inference 
below 150ms on Raspberry Pi 4. This quantization technique reduced the memory requirement by 60% without significant 
loss in its accuracy, making it suitable for resource-constrained agricultural environments. 
2.2 IoT-Cloud Framework for Crop Monitoring 
Khan et al. (2022) proposed an integrated IoT-based system for crop health monitoring using environmental sensors along 
with machine learning on the cloud. Their platform is able to attain an early disease prediction accuracy of 92% while using 
LoRaWAN communication for remote areas. The presented system minimized the time required for manual inspection by 
80%, while real-time alerts to farmers via mobile apps were provided. 
2.3 Autonomous Navigation in Field Conditions 
Wang et al. (2022) presented an autonomous robotic platform that employed RTK-GPS and IMU fusion for precise 
navigation in the field. Their system reached centi-meter-level positioning accuracy and achieved 95% coverage efficiency in 
a row-crop environment. The research tackled challenges of terrain adaptability and power management and brought in 
useful insights related to sustainable field operation. 
2.4 Transfer Learning for Agricultural Applications 
Gupta and Sharma (2023) discussed EfficientNet architectures with transfer learning for plant disease classification. Their 
method gave an accuracy of 96.2% on multiple crop diseases while reducing the computational requirements of traditional 
CNNs by 45%. The research was able to show the effectiveness of transfer learning in adapting pre-trained models to 
specific agricultural contexts. 
2.5 Integration of Edge-Cloud Computing  
Zhang and Liu have proposed hybrid architecture for plant disease diagnosis using edge, fog, and cloud. Their system is 
capable of reducing latency by 65% and has an accuracy of 94.8% in detecting diseases by intelligently distributing tasks 
between local and cloud resources. This provided valuable information about the optimality of computational load in 
agricultural systems that are distributed. 
2.6 Advanced Computer Vision Techniques 
Johnson and Brown (2023) adapted vision transformer architectures for agricultural image analysis and achieved state-of-
the-art 97.1% accuracy on the Plant Village dataset. Their work demonstrated improvements in generalization across 
changing light conditions and growth stages of plants, addressing key challenges in practical deployment. 
2.7 Multi-Sensor Navigation Systems 
Chen et al. (2024) developed a robust navigation system that combined LiDAR with computer vision, reducing navigation 
errors by 78% compared to GPS-only approaches. Their focus was on unstructured agricultural environments, providing 
solutions to key challenges such as obstacle detection and path planning in complex field conditions. 
2.8 Precision Spraying Mechanisms Anderson et al. (2023) 
developed a solenoid-controlled spraying system able to reduce chemical usage through targeted application by up to 82%. 
Their work also introduced new nozzle designs that enabled precision droplet control. Significant environmental gains 
were highlighted regarding reduced drift and runoff of chemicals. 
2.9 Adaptive Control Systems 
Thompson and Lee (2024) developed a decision system based on machine learning that optimized the spraying parameters 
in real-time. Their approach showed 75% chemical reduction with preserved treatment efficacy, which emphasizes how 
important adaptive control is for precision agriculture applications. 
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2.10 Multi-Modal Data Fusion Garcia et al. (2023)  
Combined hyperspectral imaging with conventional RGB analysis, improving early detection accuracy by 23% compared to 
single-modality approaches. Their research demonstrated the potential of multi-spectral analysis for pre-symptomatic 
disease identification, enabling proactive disease management strategies. Based on the survey give me the year, author, 
methodology, technique or model used in a tabular column form 
 
Year AuthorsS Methodology / Technique Model / System Used 
2022 Patel et al. Deployed a quantized CNN on edge devices for real-

time inference. 
MobileNetV2 on Raspberry Pi 4 

2022 Khan et al. Integrated IoT sensors with cloud-based ML for early 
prediction using long-range communication. 

IoT-cloud framework with 
LoRaWAN 

2022 Wang et al. Fused high-precision GPS with inertial sensors for 
autonomous robot navigation in fields. 

Autonomous robot with RTK-GPS & 
IMU fusion 

2023 Gupta & 
Sharma 

Utilized transfer learning to adapt a pre-trained model 
for a specific agricultural task. 

 

EfficientNet with Transfer Learning 

2023 Zhang & Liu Distributed computational tasks across edge, fog, and 
cloud layers to optimize latency and accuracy. 

Hybrid Edge-Fog-Cloud Architecture 

2023 Johnson & 
Brown 

Applied a transformer-based architecture to image 
analysis for improved generalization. 

Vision Transformer (ViT) 

2024 Chen et al. Combined laser scanning and visual data for robust 
navigation and obstacle avoidance. 

LiDAR and Computer Vision fusion 

2023 Anderson et 
al. 

Developed an electronically controlled, targeted 
spraying system with specialized nozzles. 

Solenoid-controlled spraying 
mechanism 

2024 Thompson & 
Lee 

Used ML algorithms to dynamically adjust spraying 
parameters based on real-time conditions. 

Machine Learning-based Decision 
System 

2023 Garcia et al. Fused images from different spectral bands to identify 
diseases before visible symptoms appear. 

Hyperspectral and RGB Data Fusion 

 

III. PROBLEM STATEMENT AND SOLUTION: 
Problem: Traditional agriculture suffers from inefficient plant disease management, relying on manual inspection and 
blanket pesticide spraying. These methods are labor-intensive, often miss early disease detection, and lead to excessive 
chemical use. This result in significant crop losses, environmental pollution through soil and water contamination and 
increased production costs. The lack of precise, automated systems for targeted intervention further exacerbates these 
issues, contributing to pesticide resistance and health hazards. There is an urgent need for an intelligent solution that 
enables real-time disease detection and precision spraying to enhance crop productivity while promoting sustainable 
farming practices. 
Solutions: We propose a full autonomous robot incorporating AI, IoT, and precision mechanics. The robot uses a cloud-
based CNN model for plant disease detection in real-time with an accuracy of more than 93%. Upon detecting the disease, 
it triggers a specific spraying mechanism, spraying pesticide only on the infected plants, with a reduction in chemical use by 
up to 70%. Robust four-wheel navigation and obstacle avoidance sensors ensure good field coverage, while real-time 
farmer alerts via the web dashboard and Telegram enable sustainable operations. This will reduce labor, reduce costs, and 
promote eco-friendly agriculture by enabling precise automated crop protection. 

 

IV. METHODOLOGY 
1: Image Acquisition and Preprocessing 
During autonomous navigation through crop fields, the ESP32-CAM captures high-resolution plant leaf images. Such images 
undergo basic preprocessing, namely resizing to 224x224 pixels, color normalization, and contrast enhancement in order 
to be optimally prepared for machine learning analysis. Each image is systematically timestamped and geo-tagged using the 
positioning system of the robot for creating a searchable database that tracks the disease pattern. Such standardized 
preprocessing makes for good quality input with accuracy for disease detection while maintaining detailed records of all 
captured images for future reference and analysis. 
2. Cloud-Based Disease Detection 
These pre-processed images will be sent to the cloud servers over Wi-Fi using HTTP/REST API protocols. A cloud-hosted 
Convolutional Neural Network, based on architecture developed from MobileNetV2, will analyze the images for specific 
plant diseases with an accuracy of more than 93%. Detailed classification returns the type of disease, the level of severity, 
and confidence scores. All detections will automatically be logged into Google Sheets, including timestamps and location, 
to create a massive historical database for pattern analysis and performance tracking 
3: Intelligent Decision Making 
The ESP32 microcontroller then processes the classification results from the cloud for decision-making. According to the 
type and severity of the identified disease, it selects the right pesticide from three dedicated tanks containing different 
treatments. 
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The controller calculates the optimal spraying parameters such as duration, intensity, and area coverage. Decision logic 
also incorporates environmental factors and growth stages of a plant to ensure precise, effective treatment while keeping 
chemical usage as low as possible by adopting targeted application strategies 

.  
                                                                              Fig1: Block Diagram 
4: Autonomous Navigation and Obstacle Avoidance 
The robotic four-wheel platform navigates autonomously by means of ultrasonic sensors for the real-time detection and 
avoidance of obstacles. With a combination of sensor data and path-following algorithms, the system accurately maintains 
the row-following patterns. Continuous environmental monitoring ensures perfect positioning for both image capturing 
and spraying operations. The navigation system adapts to the variable terrain conditions while maintaining the same speed 
and coverage efficiency so as to allow for complete field inspection without intervention.  
5: Precision Spraying Mechanism 
Upon disease confirmation, the system activates solenoid valves controlling pesticide release from selected tanks. 
Directional nozzles ensure targeted application only to infected plants, reducing chemical usage by up to 70% compared to 
conventional methods. The spraying mechanism operates with adjustable pressure and droplet size based on disease 
severity and plant type. Integrated flow sensors monitor pesticide consumption, while the system maintains precise 
control over spray duration and coverage area for optimal treatment efficiency. 
6: Data Logging and Performance Analysis 
The system records all operational data continuously, including detection results, spraying activities, and navigation paths, 
into a structured database. This information is processed to generate comprehensive performance reports that include 
coverage efficiency, chemical usage statistics, and detection accuracy metrics. The logged data supports detailed analysis of 
disease patterns and treatment effectiveness over time. The farmers can view historical data from the web interface for 
monitoring long-term trends, evaluating performance, and making informed decisions on future crop management 
strategies and resource allocation. 
Hardware and Software 
Hardware Requirements 
 ESP32 Microcontroller: It serves as the main control unit for processing and coordination. 
 ESP32-CAM Module: Captures high-resolution images of plant leaves for disease analysis. 
 4-Wheel Robotic Chassis: Provides locomotion and stability necessary to move around agricultural fields. 
 L298N Motor Driver: This drives the DC gear motors and controls their direction and speed. 
 DC Gear Motors: They power the motion of the robot's wheels. 
 Ultrasonic sensors: These allow for the immediate detection and avoidance of obstacles in real time. 
 Solenoid valves and relay module: controlling the release of particular pesticides from multiple tanks. 
 12V Lithium-Ion Battery: Powers the entire robotic system. 
 DC Pumps: They facilitate the spraying mechanism by pumping pesticide from the tanks. 
 Jumper Wires & Connectors: Establish electrical connections between all components.  
Software Requirements 
 Arduino IDE: Basically applied to programming the microcontroller ESP32 in C++. 
 Python: To develop the backend cloud API and machine learning model. 
 TensorFlow: Provides the framework to build and train the CNN disease detection model. 
 Google Sheets API: Logs system activities, detection results, and spraying data. 
 Flask: Used to create the REST API to support the robot's communication with the cloud. 
 HTML: develops the web interface for monitoring and manual control. 
 Libraries: WiFi.h for the WIFI functionality, ESP32Servo for the servo, HTTP Client for HTTP communication. 
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 OpenCV: Helps in image preprocessing and augmentation for the ML model. 
 Edge Impulse: Optional platforms for training and deploying the ML model Telegram Bot API: It sends real-time alerts 

and notifications to the farmer. 
VI. FUTURE SOLUTION 

 
In order to take this forward, we propose a drone-based aerial surveillance module for large-scale, fast field scanning. The 
ground robot will then be autonomously dispatched into the infection-confirmed zones for precision treatment. A 
blockchain-enabled supply chain system tracks pesticide usage from manufacturing to application. The AI model evolves to 
become predictive, leveraging historical data and weather patterns to forecast disease outbreaks before they strike. This 
creates an integrated, proactive system of defense that greatly enhances farm productivity and sustainability while reducing 
human intervention. 
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