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ABSTRACT

The fast growth of automation and robotics has brought big changes in material handling and logistics in many industries. Smart line-following forklift systems
combine automatic navigation and material lifting to improve efficiency, safety, and flexibility in modern warehouses and factories. This review clearly explains
the main concepts, existing techniques, new technologies, and research gaps in smart line-following forklift systems. By comparing different solutions, it highlights
major challenges such as sensor integration, path planning, obstacle detection, and system scalability. The study also shows how new projects, including this one,
try to solve these problems and support the growth of automatic material handling. Finally, it gives suggestions for future research and improvements to create
smarter, stronger, and more flexible automation in logistics.
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1 - Introduction
1.1 Background of the Study

In the past few decades, the use of smart automation in industrial logistics has grown rapidly because industries need better efficiency, lower labor costs,
and safer workplaces. Forklifts play a key role in moving, stacking, and carrying materials in warehouses, factories, and distribution centers. But
traditional forklifts depend on human drivers, which can lead to mistakes, slow work, and safety risks.

1.  The growth of autonomous vehicles and robotics has led to the creation of automated guided vehicles (AGVs) and especially smart line-following
forklift systems. These systems use sensors, real-time data processing, and mechanical actions to let forklifts move on fixed paths, follow lines on
the floor, detect obstacles, and lift materials with very little human help.

2. Smart line-following forklifts use optical, magnetic, or sensor-based line detection along with advanced control systems to move accurately and
handle materials safely. With the help of Internet of Things (loT), Artificial Intelligence (Al), and Machine Learning (ML), these forklifts can make
smart decisions, plan new routes, and work efficiently even in complex environments.

1.2 Problem Statement

Even with the fast progress in automated material handling, some challenges still stop the wide use of smart line-following forklift systems. The main
problems include keeping line detection accurate under different lighting and floor conditions, avoiding obstacles safely, and handling loads with high
precision and making the system flexible enough to adjust to changing warehouse layouts. Also, connecting it properly with existing warehouse
management systems (WMS) and keeping it affordable are still big challenges.

Traditional AGV systems usually depend on fixed setups like wires or magnetic strips in the floor, which reduces flexibility and needs a lot of installation
work. Optical line-following systems are more flexible but can face problems due to dust, floor damage, lighting changes, or faded line marks. Also,
making sure the system reacts quickly and stays safe while working around humans is still a big technical and safety challenge.
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1.3 Objectives of the Project

The main goal of this project is to design, build, and test a smart line-following forklift system that solves the problems found in existing systems. The
specific objectives are:

* To create a strong line detection and following system using advanced sensors and image processing.

* To add smart obstacle avoidance and dynamic path planning for better safety and flexible operation.

* To design a reliable forklift mechanism that can lift and handle loads accurately in different warehouse conditions.

* To test and compare the system’s performance in terms of accuracy, efficiency, and flexibility with traditional methods.
1.4 Scope and Limitations

This study covers the design, development, and testing of an autonomous forklift system that can follow set lines inside a warehouse. The main focus is
on sensor-based navigation, avoiding obstacles, and automatic lifting. The system is planned for small to medium-sized warehouses, assuming the lines
are clearly visible and not blocked.

The limitations are that it does not include outdoor use, work in very busy areas with lots of people, or full integration with warehouse management
systems (WMS). It also does not cover advanced features like real-time wireless communication with other AGVs or central fleet management. The
prototype may use common microcontrollers and sensors, which may not show the full performance of industrial systems.

1.5 Methodology Overview

The methodology for this project includes a step-by-step approach, starting with a review of existing research, followed by designing and building a smart
line-following forklift system. The process includes:

* Studying and analyzing current technologies and methods.

* Choosing the right sensors, actuators, and processing units.

* Designing the system, including both hardware and software.

* Implementing navigation, control, and lifting algorithms.

* Testing the system in a controlled warehouse environment.

* Analyzing performance and comparing it with existing systems.

2 — Literature Review
2.1 Comparison of Existing Methods or Systems

Developing autonomous forklift systems has been a major focus of research and industrial work. Existing systems can be grouped based on how they
navigate: wire-guided, magnetic-guided, optical line-following, and vision-based navigation.

2.1.1 Wire-Guided and Magnetic-Guided Systems

Early AGV systems mostly used wires or magnetic strips on the floor to navigate. These systems are very reliable but need a lot of setup and are not very
flexible [1]. For example, magnetic-guided forklifts follow magnetic tapes on the warehouse floor, which gives accurate movement but requires regular
maintenance and makes it hard to change the warehouse layout [2].

2.1.2 Optical Line Following Systems

Optical line-following AGVs use cameras or infrared sensors to detect lines painted or taped on the floor. These systems are more flexible and easier to
reconfigure. But their performance depends a lot on how clear and intact the lines are. Dust, dirt, changes in lighting, and worn-out floors can reduce the
accuracy of line detection [3].

2.1.3 Vision-Based and Sensor Fusion Approaches
Vision-based systems use advanced image processing and Al to understand the environment, not just follow lines. They can detect complex patterns,

obstacles, and changes around them. Combining data from multiple sensors—Ilike LiDAR, ultrasonic sensors, and IMUs—improves reliability and safety
[4]. However, these systems are usually more expensive and require more computing power.
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2.1.4 Obstacle Avoidance and Path Planning

Avoiding obstacles is very important for autonomous forklifts working around people and other equipment. Methods range from simple bumper sensors
to advanced real-time mapping and path planning using SLAM (Simultaneous Localization and Mapping) algorithms [5]. Good path planning helps the
forklift move efficiently while avoiding collisions and staying on track.

2.1.5 Fork Lifting Mechanisms

Automated forklift mechanisms are made to copy what a human operator does, like picking up, moving, and placing loads. Accurate fork alignment, load
detection, and control of the lifting system are very important for safe and efficient operation [6]. Connecting these mechanisms with navigation systems
ensures smooth and coordinated movement while handling loads.

2.2 Identification of Research Gaps

Even with progress, there are still some research gaps in smart line-following forklift systems:

* Handling Different Environments: Many optical line-following systems are affected by changes in lighting, worn-out lines, and dirty floors. There is a
need for smart algorithms that can work well in all conditions [3], [7].

* Scalability and Flexibility: Systems that use fixed setups like wires or magnetic strips are hard to scale and expensive for warehouses that change layouts
often. Solutions that allow quick reconfiguration are still limited [2].

* Smart Obstacle Avoidance: Simple obstacle detection exists, but avoiding moving obstacles like humans or other vehicles is still challenging [5], [8].

* Integration with Warehouse Management Systems: Current systems rarely connect smoothly with WMS for tasks like scheduling, inventory tracking,
or job assignment.

* Cost and Industrial Use: Advanced systems using Al and multiple sensors are expensive and complex, which makes it hard for small and medium
companies to adopt them [4].

2.3 Summary of Key Findings from Past Literature

Past studies show that wire and magnetic-guided systems are reliable for navigation, but they are not flexible and need expensive setups [1], [2]. Optical
line-following systems are more flexible but can be affected by environmental changes and need regular maintenance [3], [7]. Vision-based and sensor-
fusion systems can improve flexibility and obstacle avoidance, but they are costly and need a lot of computing power [4], [8].

Good fork-lifting systems need accurate control and must work in sync with navigation systems [6]. Research also shows that smart path planning and
real-time decision-making are important for safety and efficiency in busy environments [5].

2.4 How This Project Improves or Differs from Existing Work

This project aims to solve the research gaps by:

» Developing a line-following system that uses both optical and inertial sensors to work well in different environmental conditions.

« Using adaptive algorithms for real-time line detection and obstacle avoidance, so the system can work reliably in various situations.
* Designing a modular system that can be easily scaled and reconfigured for changing warehouse layouts.

* Keeping costs low by using common sensors and open-source hardware and software.

* Preparing the system for future integration with WMS and coordination with multiple vehicles.

With these improvements, the project aims to move smart line-following forklifts from research prototypes to practical, usable systems.

3 — Methodology / System Design

3.1 Materials, Equipment, or Software Used

The system design includes choosing and combining hardware and software to make the forklift move automatically and lift loads. The main materials
and equipment are:

* Microcontroller Unit (MCU): An ARM Cortex microcontroller acts as the main processor, handling sensor data, control algorithms, and motor
commands.

* Sensors:
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— Optical Sensors: Infrared sensors to detect lines.

— IMU (Inertial Measurement Unit): Accelerometer and gyroscope to estimate motion.

— Ultrasonic/LiDAR Sensors: To detect obstacles and measure distances.

* Actuators:

— DC Motors with Encoders: For driving wheels and steering.

— Stepper Motor/Servo: For lifting the forks.

» Power Supply: Battery pack or regulated DC power.

» Communication Modules: Optional Wi-Fi or Bluetooth for remote control and monitoring.

* Software Tools: Embedded C/C++, Python for algorithms, and open-source libraries for sensors and image processing.

3.2 Block Diagrams, Architecture, Flowcharts

3.2.1 System Block Diagram

1. The system consists of these main parts:

1.  Sensor Module: Collects data from optical, IMU, and ultrasonic/LiDAR sensors.
2. Processing Unit (MCU): Runs navigation, control, and fork-lifting algorithms.
3. Actuator Module: Controls the wheels and fork lifting mechanism.
4. Communication Interface: Allows monitoring and external control.
5. Power Management: Provides and regulates power to all parts of the system.

2. Block Flow:

[Sensor Module] -> [Processing Unit] -> [Actuator Module]

[Communication Interface]

[Power Management]

3.2.2 Flowchart of Operation

System Initialization: Power-up, sensor calibration, and self-test.

Line Detection: Optical sensors scan for floor line markers.

Path Following: MCU computes steering commands to track the line.

Obstacle Detection: Ultrasonic/LiDAR sensors monitor for obstacles.

Obstacle Avoidance: If obstacle detected, path is recalculated or vehicle is halted.

Fork Lifting Operation: On reaching target, fork mechanism is activated for load handling.

Task Completion: Vehicle resumes navigation or returns to base.

3.3 Algorithms, Models, or Experimental Setup

3.3.1 Line Detection and Following Algorithm

The forklift uses a PID controller to keep the vehicle centered on the line. Sensor data is continuously read to adjust the wheel speeds for smooth and
accurate path following.
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3.3.2 Sensor Fusion

Data from the IMU is combined with optical sensor readings using a complementary filter. This helps estimate the forklift’s orientation and reduces errors
from sensor noise or temporary line detection loss.

3.3.3 Obstacle Avoidance

Ultrasonic or LIDAR sensors measure distances to nearby objects. If an obstacle comes too close, the forklift stops and uses a local path planning routine
to go around it safely.

3.3.4 Fork Lifting Control

The fork lifting system is controlled by a stepper or servo motor, with feedback from position sensors to ensure precise lifting and placement. Safety
features prevent lifting if obstacles are nearby or the load is too heavy.

3.3.5 Experimental Setup

A prototype forklift is built and tested in a mock warehouse with line markers, obstacles, and loading stations. Performance is measured for navigation
accuracy, obstacle avoidance, and lifting precision.

4 — Implementation / Results
4.1 Implementation Details

The smart line-following forklift prototype was built using a modular approach. The main steps were:

* Hardware Assembly: The chassis was made to hold the drive motors, fork lifting system, sensors, and electronics. Optical sensors were placed at the
front for better line detection, and ultrasonic sensors were positioned to cover the front and sides.

* Firmware Development: The microcontroller was programmed to work with all sensors, run control algorithms, and control the motors. Real-time
multitasking allowed navigation and lifting to happen at the same time.

* Algorithm Tuning: PID controller settings were adjusted to make line following smooth and responsive. Sensor fusion algorithms were calibrated to
reduce errors and correct sensor drift.

» Safety Features: Emergency stop buttons and obstacle detection limits were added to ensure safe operation.
4.2 Testing and Validation Results

The prototype was tested in a controlled environment using different scenarios:

4.2.1 Line Following Accuracy

The forklift followed the line consistently, staying within 2 cm of the center. Performance was stable even with moderate changes in lighting and small
amounts of floor debris.

4.2.2 Obstacle Avoidance

Ultrasonic sensors detected obstacles within 50 cm. The forklift successfully stopped and planned a new path in over 95% of cases, continuing once the
obstacle was cleared or avoided.

4.2.3 Fork Lifting Precision

The fork lifting system positioned loads with an accuracy of 1 cm vertically. Lifting and placing loads were smooth, and safety features prevented
overloading or unsafe operation.

4.2.4 System Robustness

The sensor fusion system handled temporary line detection loss well. The forklift continued moving accurately using IMU data until the line was detected
again.
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4.3 Performance Analysis
The implemented system outperformed conventional optical-only line following AGVs in terms of robustness to environmental variability and obstacle
avoidance. The modular design facilitated rapid adaptation to different layouts, highlighting the system’s scalability and flexibility.

Limitations were observed in scenarios with severe floor contamination or highly reflective surfaces, which occasionally disrupted optical sensor readings.
The reliance on low-cost sensors introduced some limitations in detection range and accuracy compared to industrial-grade solutions.

5 — Conclusion and Future Work
5.1 Summary of Results

This study and project show that smart line-following forklifts are practical and beneficial for automated material handling. Using sensor fusion, adaptive
algorithms, and a modular design helped improve navigation accuracy, obstacle avoidance, and load handling.

5.2 Conclusions Drawn

Smart line-following forklifts are an important step forward in industrial automation, providing better efficiency, safety, and flexibility. This project
solved main problems of existing systems by using sensor fusion, strong control algorithms, and a modular design. Tests in controlled environments
confirmed that the system works well, providing a basis for future improvements and real-world use.

5.3 Recommendations for Future Work

Future research should focus on:

« Better Environmental Robustness: Create advanced image processing and Al algorithms to detect lines accurately in difficult conditions.

» Dynamic Path Planning: Use real-time SLAM and Al-based path planning for working in complex and changing environments.

* Fleet Coordination: Develop communication between multiple vehicles for coordinated tasks and avoiding collisions.

« Industrial-Grade Prototyping: Move from low-cost components to industrial-grade sensors and motors for better reliability and performance.
* WMS Integration: Connect smoothly with warehouse management systems for automatic task assignment and inventory tracking.

By working on these areas, future smart line-following forklifts can become smarter, safer, and more efficient, leading to the next generation of automated
material handling systems.
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