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Abstract

This project presents the design and implementation of OptiFork, an autonomous warehouse
robotic system aimed at improving efficiency and organization in modern warehouse operations.
The system addresses key challenges associated with manual material handling, such as slow item
retrieval, high labor dependency, and unstructured transactions that may lead to errors in inventory
management.

OptiFork integrates embedded control systems with intelligent navigation to enable automated
retrieval and delivery of items from storage shelves to designated delivery points. The system
employs a dual-controller architecture, utilizing an Arduino Mega as the main motion and
execution controller, and an ESP32 module for wireless communication and interaction with the
warehouse management interface. This architecture ensures reliable real-time control while
supporting flexible communication with external systems.

The robotic platform is equipped with DC motors with gearboxes for mobility, stepper motors for
precise lifting and positioning, and multiple sensors including IR sensors, ultrasonic sensors, and
an MPUG6050 inertial measurement unit. These components enable accurate navigation, obstacle
detection, and orientation control within the warehouse environment. Unlike fixed X-Y-Z
automated storage systems, OptiFork operates as a mobile robot, offering greater flexibility and
reduced infrastructure cost.

A key feature of the system is its structured, non-random transaction mechanism. ltem requests are
received through a computer-based interface managed by the warehouse supervisor, then
processed and executed by the robot based on predefined shelf locations and item types. After
completing each delivery, the system updates the inventory database to reflect item movement,
ensuring accurate stock tracking.

Experimental testing demonstrates that OptiFork achieves reliable autonomous navigation,
accurate item retrieval, and efficient delivery performance. The project highlights how low-cost
embedded systems and modular mechanical design can be combined to create a scalable and cost-
effective warehouse automation solution, contributing to faster operations, reduced human
intervention, and improved overall warehouse management.

Keywords: Warehouse automation, autonomous robot, embedded systems, Arduino Mega,
ESP32, inventory management, robotics, smart logistics
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

1.1 Problem Statement

Warehouse operations represent a critical component of modern supply chain and logistics
systems. However, many warehouses still rely heavily on manual material handling for retrieving
and transporting items from storage shelves to packing or delivery points. This dependence on
human labor leads to slower operation cycles, increased workload on staff, and a higher
probability of errors such as picking the wrong item, delivering it to the wrong location, or failing
to update inventory accurately. As warehouse sizes and order volumes increase, these limitations
directly reduce efficiency and negatively impact service quality.

Existing automation solutions, such as fixed Storage and Retrieval Systems (SRS) that operate on
predefined X-Y-Z axes, can improve speed and accuracy, but they typically require expensive
infrastructure and rigid shelf designs. Such systems often demand major installation costs,
specialized maintenance, and limited flexibility when the warehouse layout changes or expands.
As a result, many small and medium warehouses cannot afford these solutions, leaving them
dependent on manual processes or partial automation that does not fully solve the problem.

In addition, warechouse transactions can become unstructured or “random” when there is no
automated mechanism ensuring that every item request is handled through a controlled workflow.
This can cause inconsistencies between real stock levels and the database, reduce traceability, and
create delays in order fulfillment. Therefore, there is a strong need for a cost-effective and flexible
autonomous system that can navigate inside the warehouse, retrieve specific items based on
request information, deliver them to a designated point, and automatically update inventory
records to ensure accurate, fast, and reliable warehouse operations.

1.2 General Background

Warehousing plays a fundamental role in supply chain management, serving as the central point
for storing, organizing, and distributing goods. With the rapid growth of e-commerce,
manufacturing, and large-scale distribution centers, warehouses are required to handle increasing
volumes of items with high speed and accuracy. Traditionally, warehouse operations have
depended on human workers to locate items on shelves, transport them using carts or forklifts, and
deliver them to packing or dispatch areas. While this approach is flexible, it is often inefficient,
labor-intensive, and prone to human error.
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To address these challenges, warehouse automation technologies have evolved over time. Early
automation focused on simple conveyor systems and manually controlled forklifts. More advanced
solutions introduced fixed automated storage and retrieval systems (ASRS), which rely on rigid
mechanical structures operating along predefined X, Y, and Z axes. These systems can achieve
high precision and speed but usually require significant financial investment, complex installation,
and dedicated infrastructure. As a result, their use is often limited to large warehouses with stable
layouts and high budgets.

In recent years, advancements in embedded systems, sensors, and robotics have enabled the
development of mobile autonomous robots capable of navigating dynamic environments. These
systems combine microcontrollers, motor drivers, and sensor technologies to perform intelligent
decision-making and movement without human intervention. By integrating wireless
communication and database systems, modern warehouse robots can receive item requests
digitally, execute structured retrieval tasks, and update inventory records in real time. This
technological progress provides a foundation for flexible, cost-effective, and scalable warehouse
automation solutions, which form the basis for the OptiFork project.
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1.3 Project Objectives

The primary objective of the OptiFork project is to design and develop an autonomous and cost-
effective warehouse robotic system that improves efficiency, accuracy, and organization in item
handling and transportation. The system aims to overcome the limitations of manual warehouse
operations and expensive fixed automation solutions by providing a flexible, mobile, and
intelligent alternative.

Primary Objectives:

o Design and implement an autonomous warehouse robot capable of retrieving items from
storage shelves and delivering them to designated delivery points without human
intervention.

o Automate the item handling process to reduce retrieval time and minimize manual labor
inside the warehouse.

o Ensure structured and non-random transactions by executing item requests based on
predefined locations and item types.

« Integrate embedded control systems with sensors and actuators to enable reliable
navigation, positioning, and item lifting.

« Establish wireless communication between the robot and a warehouse management
interface to receive item requests and status updates.

Secondary Objectives:

« Enhance system flexibility by enabling the robot to operate in dynamic warehouse layouts
without the need for fixed X-Y-Z infrastructure.

« Improve inventory accuracy by automatically updating the database after each item
retrieval and delivery operation.

« Increase operational reliability by incorporating obstacle detection and orientation sensing
to prevent collisions and navigation errors.

« Design the system in a modular manner to allow future expansion, such as adding new
sensors or supporting multiple robots.

Technical Objectives:

o Achieve accurate and repeatable robot movement using DC motors with gearboxes and
stepper motors for precise positioning and lifting.

o Implement efficient motor control algorithms using Arduino Mega and appropriate motor
drivers to ensure smooth and stable operation.

o Develop reliable communication protocols between the ESP32, Arduino Mega, and the
warehouse management system.

« Integrate sensor data from IR sensors, ultrasonic sensors, and the MPU6050 to support
intelligent navigation and decision-making.

« Optimize power management to ensure stable operation using battery-based power sources
while minimizing energy consumption.
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1.4 Project Impact

The development of OptiFork represents a significant contribution to the field of warehouse
automation and smart logistics, with potential impacts on operational efficiency, economic
performance, and technological advancement. The importance of this project can be examined
from several perspectives:

Operational Efficiency:

OptiFork directly addresses inefficiencies in traditional warehouse operations by automating the
process of retrieving and transporting items from storage shelves to delivery points. By reducing
manual handling and eliminating random or unstructured transactions, the system can significantly
shorten item retrieval times, improve order accuracy, and ensure consistent workflow execution.
This leads to faster order fulfillment and more reliable warehouse performance.

Economic Impact:

By relying on cost-effective embedded systems, standard mechanical components, and open-
source platforms, OptiFork provides an affordable alternative to expensive fixed automated
storage and retrieval systems. This makes warehouse automation more accessible to small and
medium-sized warehouses that cannot invest in large-scale infrastructure. Reducing labor
dependency and operational errors can also lower long-term operational costs and increase overall
productivity.

Technological Innovation:

The project demonstrates how mobile robotics, embedded control systems, and wireless
communication can be integrated to create a flexible and intelligent warehouse solution. Unlike
traditional fixed-axis systems, OptiFork operates dynamically within the warehouse environment,
highlighting the potential of autonomous robots in modern logistics. This approach can inspire
further research and development in mobile warehouse robotics and smart inventory management.

Educational Value:

OptiFork contributes valuable practical experience in the design and implementation of embedded
robotic systems. The project showcases real-world applications of microcontrollers, motor control,
sensor integration, and system-level communication. It provides a comprehensive case study for
students and researchers interested in robotics, automation, and industrial applications of
embedded systems.

Social and Industrial Impact:

By improving the efficiency and reliability of warehouse operations, OptiFork indirectly supports
faster delivery of goods and better supply chain performance. This can enhance customer
satisfaction and support industries that rely on timely logistics services. Additionally, reducing
repetitive manual tasks can improve workplace safety and allow human workers to focus on
higher-level supervisory and decision-making roles.
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1.5 Report Structure

This report is organized into five main chapters that systematically present the design,
development, and implementation of the OptiFork autonomous warehouse robotic system:

e Chapter 1 — Introduction:
Presents an overview of the project, including the problem statement, general background,
project objectives, and the expected impact of implementing an autonomous warehouse
robot.

e Chapter 2 — Literature Review:
Reviews related work and existing technologies in warehouse automation, mobile robotics,
embedded systems, and inventory management solutions, providing the theoretical
foundation for the project.

e Chapter 3 — Methodology:
Describes the adopted methodology for system design and development, including
hardware architecture, mechanical structure, electronic integration, software control, and
communication between system components.

e Chapter 4 — Results and Discussion:
Presents the experimental results, system testing outcomes, and performance evaluation of
OptiFork, followed by a discussion of the achieved objectives, system reliability, and
observed limitations.

e Chapter 5 - Conclusions and Recommendations:
Summarizes the main findings of the project, highlights its contributions to warehouse
automation, and provides recommendations and directions for future enhancements and
potential extensions of the system.
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Chapter 2

Literature Review

This chapter provides a comprehensive overview of the theoretical foundations and existing
research related to warehouse automation, mobile robotics, and embedded control systems. It
reviews previous work in the areas of autonomous warehouse solutions, robotic material handling,
sensor-based navigation, and inventory management systems. These topics form the technical and
conceptual basis for the development of the OptiFork project.

The chapter is organized into several key areas that examine traditional and modern warehouse
automation approaches, the role of embedded systems and sensors in robotic navigation, and
existing robotic storage and retrieval solutions. By analyzing related studies and practical
implementations, this review highlights current limitations in fixed automation systems and
manual operations, while identifying opportunities for more flexible, cost-effective, and intelligent
mobile robotic solutions. The insights gained from this review directly inform the design decisions
and system architecture adopted in the OptiFork project

2.1 Visual Impairment and Braille System

2.1.1 Global Context of Warehouse Automation

Warehouse automation has become a critical global topic due to the rapid growth of e-commerce,
manufacturing, and large-scale distribution networks. Modern supply chains are under increasing
pressure to process high volumes of orders with greater speed, accuracy, and reliability. According
to recent industry reports, warehouses worldwide are facing challenges related to labor shortages,
rising operational costs, and increasing customer expectations for fast and error-free deliveries.
These factors have accelerated the adoption of automated and robotic solutions in warehouse
environments.

The impact of inefficient warehouse operations extends beyond internal logistics and directly
affects the entire supply chain, including transportation, retail, and end customers. Manual item
retrieval and handling are time-consuming and prone to human error, such as incorrect picking,
misplaced items, and delays in order fulfillment. As warehouse sizes and inventory diversity
continue to expand, traditional manual systems struggle to meet performance requirements,
highlighting the need for intelligent automation solutions.

Automated warehouse systems aim to address these challenges by improving operational
efficiency, reducing dependency on manual labor, and ensuring consistent and structured
workflows. Technologies such as autonomous mobile robots, embedded control systems, and
sensor-based navigation have emerged as key enablers of modern warehouse automation. These
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systems provide the foundation for flexible and scalable solutions capable of adapting to dynamic
warehouse layouts and varying operational demands. The OptiFork project is developed within
this global context, targeting the need for cost-effective and intelligent robotic systems that can
enhance warehouse performance and reliability.

2.1.2 Historical Development of Warehouse Automation

The evolution of warehouse operations has progressed significantly over time, driven by the need
to store, manage, and distribute goods more efficiently. In early warehouses, all activities such as
item storage, retrieval, and transportation were performed manually using human labor and simple
mechanical tools. While this approach provided flexibility, it was highly dependent on workforce
availability and was limited in speed, accuracy, and scalability.

With the growth of industrial production and global trade, warehouses began adopting mechanical
aids such as forklifts, conveyor belts, and pallet systems to reduce physical effort and improve
handling capacity. These technologies marked the first step toward automation but still required
human operators for control and decision-making. As demand increased, more advanced systems
were introduced, including Automated Storage and Retrieval Systems (ASRS), which rely on
fixed mechanical structures operating along predefined X, Y, and Z axes. These systems improved
precision and speed but required high installation costs, rigid layouts, and significant infrastructure
investment.

In recent decades, advancements in robotics, embedded systems, and sensor technologies have
enabled a shift toward more flexible automation solutions. Autonomous mobile robots equipped
with microcontrollers, motor drivers, and sensors can now navigate warehouse environments
dynamically without fixed rails or structures. These robots are capable of making real-time
decisions, avoiding obstacles, and interacting with digital inventory systems. This historical
progression from manual handling to fixed automation and finally to mobile autonomous robotics
provides the technological foundation for modern warehouse solutions, such as the OptiFork
system, which aims to combine efficiency, flexibility, and cost-effectiveness in warehouse
automation.



CHAPTER 2. LITERATURE REVIEW

2.2 Assistive Technology for Visual Impairment

2.2.1 Overview of Warehouse Automation Technologies

Warehouse automation technologies include a range of systems designed to improve efficiency
and accuracy in material handling and inventory operations. These technologies aim to reduce
manual labor, minimize human error, and optimize the movement of goods inside warehouses.
Common automation solutions include autonomous mobile robots, automated forklifts, and
sensor-based material handling systems.

Recent advancements in embedded systems, sensors, and wireless communication have enabled
more flexible and intelligent warehouse solutions. By integrating microcontrollers, motor control
systems, and real-time data exchange, modern automation technologies support structured
workflows and accurate inventory tracking. These developments form the technical foundation for
autonomous warehouse systems such as OptiFork, which focuses on efficient, organized, and cost-
effective logistics operations.

2.2.2 Internet of Things in Warehouse Automation

The Internet of Things (IoT) has introduced new possibilities for intelligent and connected
warehouse systems. loT-enabled devices allow machines, sensors, and control units to
communicate in real time, enabling remote monitoring, data exchange, and automated decision-
making. In warehouse environments, this connectivity supports efficient coordination between
robotic systems and management platforms.

By integrating 10T technologies, autonomous warehouse robots can receive task requests
remotely, report system status, and update inventory data automatically. This level of connectivity
enhances operational flexibility, improves reliability, and enables continuous performance
optimization. In the OptiFork project, l0T integration through wireless communication plays a key
role in enabling structured item requests, real-time system control, and accurate inventory
management.

2.3 Braille Printing Technology

2.3.1 Traditional Warehouse Item Handling Methods

Historically, warehouse operations relied on manual item handling performed by workers who
retrieved goods from shelves and transported them using carts or manually operated forklifts. This
process was labor-intensive, time-consuming, and highly dependent on human accuracy, making it
prone to errors such as incorrect item selection and misplaced inventory.

The introduction of mechanical handling tools, including forklifts and basic conveyor systems,
improved efficiency and reduced physical effort. However, these solutions still required
continuous human operation and supervision for each task. As warehouse operations expanded in
scale and complexity, traditional handling methods became insufficient to meet demands for
speed, accuracy, and consistency, emphasizing the need for more advanced automated solutions.
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2.3.2 Modern Automated Warehouse Systems

Modern warehouse automation has evolved to include electronic control systems, autonomous
mobile robots, and intelligent material handling solutions. These systems rely on embedded
controllers, motor drivers, and advanced sensors to perform automated navigation, item retrieval,
and delivery tasks without continuous human intervention. Autonomous robots are capable of
moving dynamically within the warehouse, adjusting their paths in real time, and interacting with
storage locations based on digital instructions.

In addition, modern warehouse systems integrate software platforms and database-driven
management tools to coordinate operations and track inventory accurately. Item requests can be
processed automatically, translated into motion commands, and executed through precise motor
control and sensor feedback. This level of automation enables structured workflows, reduces
operational errors, and improves overall efficiency. Such advancements form the technological
foundation for systems like OptiFork, which combines electronic control, intelligent navigation,
and real-time data management to modernize warehouse operations.

2.4 Microcontroller-Based Control Systems

2.4.1 Arduino Platform in Warehouse Automation

The Arduino platform has gained wide adoption in warehouse automation and robotic system
development due to its low cost, ease of use, and extensive documentation. Arduino
microcontrollers provide a reliable and flexible foundation for implementing control logic in
autonomous systems, offering sufficient processing capabilities for motor control, sensor
integration, and real-time decision-making.

Arduino-based solutions have been widely used in mobile robotics, automated material handling,
and industrial prototype systems. The platform’s compatibility with a wide range of sensors, motor
drivers, and communication modules makes it particularly suitable for developing and testing
autonomous warehouse robots. In the OptiFork project, Arduino serves as the core controller
responsible for executing movement sequences, processing sensor data, and coordinating item
retrieval operations.
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2.4.2 Precision Control in Robotic Mechanical Systems

Autonomous warehouse robots require precise mechanical control to ensure accurate movement,
positioning, and item handling. Reliable control of motion and lifting mechanisms is essential for
navigating between shelves, aligning with storage locations, and safely transporting items. Modern
microcontroller-based systems achieve this level of precision through the careful selection of
actuators, sensors, and control algorithms.

Stepper motors, DC motors with gearboxes, and linear motion mechanisms are commonly used to
provide accurate and repeatable motion in robotic systems. Sensor feedback from devices such as
inertial measurement units, infrared sensors, and distance sensors enables the control system to
adjust movement in real time. By integrating these sensors with embedded controllers, robotic
systems can maintain stable operation, reduce positioning errors, and ensure consistent
performance under varying load and environmental conditions, as demonstrated in the OptiFork
project.

2.5 Human—-Computer Interaction in Warehouse Systems

2.5.1 Command-Based Control and User Interaction

Human—computer interaction plays an important role in modern warehouse automation systems,
as it defines how operators interact with and control automated equipment. Instead of direct
manual operation, advanced systems rely on digital interfaces that allow users to issue commands,
monitor system status, and manage operations efficiently. These interfaces improve usability and
reduce the need for continuous human supervision.

Command-based control systems enable warehouse managers to request specific items through
computer-based interfaces, which are then translated into executable tasks for robotic systems.
Effective interaction design requires clear command structures, reliable communication, and
appropriate feedback mechanisms. Successful systems provide status updates, confirmation
messages, and error notifications to ensure transparency and operational reliability. In the
OptiFork project, such interaction mechanisms allow structured item requests and seamless
coordination between the warehouse management interface and the autonomous robot.

2.5.2 Web-Based User Interfaces in Warehouse Management Systems

Web-based user interfaces provide significant advantages for modern warehouse automation
systems, including platform independence, remote accessibility, and ease of use. Through standard
web browsers, warehouse managers can interact with automated systems without the need for
specialized software installation. This approach simplifies system deployment and allows access
from different devices within the warehouse environment.

In autonomous warehouse systems, web-based interfaces enable users to submit item requests,
monitor robot status, and track operational progress in real time. Such interfaces support efficient
coordination between management platforms and robotic systems, improving transparency and
control over warehouse operations. In the OptiFork project, the web-based interface serves as the
primary communication point between the warehouse manager and the robotic system, allowing
structured task requests and real-time system monitoring.

10
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2.6 Previous Work in Braille Printing Systems

2.6.1 Commercial Warehouse Automation Solutions

Several commercial solutions have been developed to automate warehouse storage and retrieval
operations. Large-scale industrial systems, such as Automated Storage and Retrieval Systems
(ASRS), are widely used in major distribution centers and manufacturing facilities. These systems
offer high speed and precision by operating along fixed X—Y-Z axes, but they require significant
financial investment, complex installation, and dedicated infrastructure.

More compact and semi-automated solutions, including automated forklifts and guided vehicles,
provide improved accessibility for medium-sized warehouses. However, many of these systems
still depend on predefined paths, fixed layouts, or partial human supervision, which limits their
flexibility and adaptability. These constraints highlight the need for more cost-effective and
mobile automation solutions, such as OptiFork, which aim to combine autonomous navigation
with reduced infrastructure requirements.

2.6.2 Research and Development Projects in Warehouse Automation

Academic and research institutions have played an important role in advancing warehouse automation
and robotic material handling through numerous research and development projects. These efforts have
explored autonomous navigation algorithms, improved sensor fusion techniques, efficient path planning
methods, and innovative robotic mechanisms for item handling. Many research projects demonstrate
promising technical results under controlled laboratory conditions.

However, a large number of these prototypes remain limited to experimental environments and are
not fully deployed in real warehouse settings due to cost, complexity, or scalability challenges.
This gap between research innovation and practical implementation presents an opportunity for
projects like OptiFork to bridge academic research with real-world warehouse requirements. By
focusing on cost-effective hardware, modular design, and practical usability, OptiFork aims to
translate research concepts into a deployable and flexible solution for modern warehouse
operations.

2.7 Technology Integration and System Architecture

2.7.1 Embedded Systems in Warehouse Automation

Modern warehouse automation systems increasingly rely on embedded systems that integrate
multiple technologies, including sensors, actuators, communication modules, and control units.
Successful integration requires careful system architecture design to ensure compatibility between
components, reliable communication, efficient power management, and stable real-time operation.

The selection of appropriate embedded platforms depends on several factors such as processing
requirements, input/output availability, power consumption, cost constraints, and system
scalability. In autonomous warehouse robots, the system architecture must balance precise motion
control, reliable sensor feedback, and wireless communication while maintaining cost-
effectiveness and operational robustness. These considerations form the foundation for the
embedded system design adopted in the OptiFork project.

11
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2.7.2 Challenges and Design Considerations

Developing autonomous warehouse robotic systems involves several technical and practical
challenges. These include achieving reliable navigation in dynamic environments, ensuring
accurate item positioning and handling, managing mechanical wear due to continuous operation,
and maintaining stable performance under varying load and environmental conditions. Sensor
accuracy, motor synchronization, and real-time control are critical factors that directly affect
system reliability and safety.

Design considerations must also address system scalability, ease of maintenance, and operational
usability. The robot architecture should support clear interaction with warehouse management
systems, provide meaningful feedback on system status, and allow straightforward integration of
additional components or features in the future. Furthermore, the system must balance
performance requirements with cost-effectiveness to ensure that the solution remains practical and
accessible for real-world warehouse deployment, as targeted by the OptiFork project

12
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Chapter 3

Methodology

his chapter describes the methodology used in the design and development of the OptiFork
autonomous warehouse robotic system. It outlines the approaches adopted for hardware design,
embedded software implementation, system integration, and testing.

The methodology focuses on achieving reliable autonomous operation, accurate navigation, and
efficient item handling. The described processes provide sufficient detail to support evaluation and
future replication of the system.

3.1 Design Approach and Development Process

The development of OptiFork follows a systematic engineering design approach that integrates
hardware and embedded software into a unified autonomous warehouse robotic system. The
design process is based on iterative development cycles to ensure reliable operation, accurate
navigation, and efficient item handling.

The development methodology consists of several key phases, including system requirement
analysis, overall architecture design, component selection and integration, prototype development,
testing and validation, and performance optimization. Each phase focuses on achieving functional
accuracy, operational reliability, and cost-effectiveness while maintaining flexibility for future
system expansion.

3.2 Hardware Design Methodology

3.2.1 Mechanical System Design

The mechanical design of the OptiFork system focuses on achieving reliable mobility, accurate
positioning, and safe item handling within a warehouse environment. The design integrates
wheeled motion, lifting mechanisms, and structural support to enable efficient navigation and item
retrieval.

Actuator Selection and Configuration:

The motion system utilizes DC motors with gearboxes for robot movement and stepper motors for
precise lifting and positioning tasks. This combination provides sufficient torque for load handling
while maintaining accurate and repeatable motion control.

Motion and Lifting Mechanism:
Stepper motors are used with lead screws and couplers to control the vertical movement of the

13
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forks, allowing stable lifting and lowering of items. This mechanism ensures controlled motion,
precise alignment with shelves, and safe handling of different item weights.

Structural Framework:

The robot frame is designed to provide mechanical stability and durability during operation.
Mounted bearings and caster wheels are used to reduce friction and support smooth movement.
The modular structure allows easy assembly, maintenance, and future mechanical upgrades while
maintaining cost-effectiveness.

3.2.2 Electronic System Integration

The electronic system of the OptiFork project is designed using a distributed control architecture
to ensure reliable operation, flexibility, and efficient task execution. The system integrates
multiple controllers, sensors, motor drivers, and power modules to support autonomous warehouse
operation.

Main Control Architecture:

The Arduino Mega acts as the primary controller responsible for executing motion sequences,
processing sensor data, and controlling motors and actuators. Its large number of input/output pins
allows direct connection to DC motors through the L298N driver, stepper motor drivers, ultrasonic
sensors, IR sensors, and other peripheral components.

Wireless Communication and User Interface:

The ESP32 module is used to provide wireless connectivity and web-based control functionality.
It hosts a web interface that allows the warehouse manager to submit item requests and monitor
system status from a computer. Communication between the ESP32 and Arduino Mega is
achieved through serial communication, ensuring reliable command transfer and system
coordination.

Motor Control and Actuation:

DC motors with gearboxes are driven using the L298N motor driver to control robot movement.
Stepper motors used for the lifting mechanism are controlled through the TB6600 stepper motor
driver, providing precise and stable control for vertical motion of the forks.

Sensor Integration:

The system integrates multiple sensors to support navigation and decision-making. Ultrasonic
sensors (HC-SRO04) are used for distance measurement and obstacle detection, while IR obstacle
avoidance sensors are employed to detect shelf positions and guide the robot to the correct
storage location. The MPUG6050 inertial measurement unit provides orientation and motion
feedback to enhance navigation accuracy.

Power Management:

The electronic components are powered using a 12V battery supported by a power bank for
auxiliary modules. The XL6009 step-up boost converter is used to regulate voltage levels and
ensure stable power supply to different system components.
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3.3 Software Development Methodology

3.3.1 Embedded Software Development

The embedded software of the OptiFork system is developed using a dual-microcontroller
architecture to separate real-time control tasks from communication and user interaction functions.
The system employs an Arduino Mega for low-level control operations and an ESP32 for
wireless communication and web-based user interaction.

Arduino Mega Firmware Design:

The Arduino Mega is responsible for real-time robot control, including motor operation, sensor
processing, and execution of item retrieval sequences. The firmware is organized into modular
functions that handle DC motor movement through the L298N driver, stepper motor control
through the TB6600 driver for the lifting mechanism, and sensor data acquisition from IR sensors,
ultrasonic sensors, and the MPU6050. Based on received commands, the Arduino executes
predefined movement and lifting sequences to retrieve items from specific shelf locations and
deliver them to the designated delivery point.

ESP32 Software Architecture:

The ESP32 handles wireless connectivity and hosts a web-based interface that allows the
warehouse manager to request specific items. It operates as a web server, receiving user input
from a computer and transmitting structured commands to the Arduino Mega through serial
communication. The ESP32 also receives system status updates and operational feedback from the
Arduino to display real-time information on the web interface.

Inter-Controller Communication:

Communication between the Arduino Mega and ESP32 is implemented using a serial
communication protocol that ensures reliable command transmission and system coordination.
This protocol enables the ESP32 to send item requests and allows the Arduino to report execution
status and completion signals, supporting structured and automated warehouse transactions.
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3.3.2 Web Interface Development

OPTIFORK — Control Panel

Select a container to dispatch the next available item. Inventory
is tracked on the ESP32. If a container is empty, the system will

Dispatch

Choose container A/B/C/D. The system deddes which item to send
based on remaining quantity.

not send a job to the Mega.

Container ' Container @ Container Container
A B c D

Robot status (from Mega)
WAIT_CONFIG

Last reply Admin: Set qty for container A v 2 Apply
Inventory updated: Container A qty=2

Tip: connect to Wi-Fi | OPTIFORK | then open | 192.168.4.1

Containers inventory

Container Qty Next dispatch

®
®

Figure 3.3.1

The web-based control panel shown in Figure 3.X represents the main user interface of the
OptiFork system, hosted on the ESP32 and accessed through a standard web browser. This
interface is designed to allow the warehouse manager to monitor system status, manage container
inventory, and initiate item dispatch operations in a structured and controlled manner.

The interface displays the robot operational state, received directly from the Arduino Mega,
providing real-time feedback on whether the robot is waiting for configuration, executing a task,
or completing a delivery. In addition, the system logs the latest system responses, such as
inventory updates, to ensure transparency and traceability of warehouse transactions.

A dedicated dispatch section enables demonstrating how the manager selects a container (A, B,
C, or D) for item retrieval. The system automatically determines the next item to be dispatched
based on the remaining quantity in each container, preventing invalid requests when a container is
empty. This logic ensures non-random and organized warehouse operations.

The lower section of the interface presents a container inventory table, which summarizes the
quantity of items in each container, item priority order, and the next dispatch target. This
structured visualization allows the manager to quickly assess inventory status and upcoming
operations. Administrative controls are also provided to update container quantities directly
through the interface, ensuring synchronization between the digital inventory and physical storage.

Overall, this web interface plays a critical role in the OptiFork system by providing a simple,
centralized, and reliable interaction point between the warehouse manager and the autonomous
robot, supporting real-time monitoring, structured item dispatching, and accurate inventory
management.
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3.4 Testing and Validation Methodology

The testing and validation methodology for the OptiFork system is designed to evaluate
mechanical performance, electronic reliability, software correctness, and overall system
functionality. The testing procedures aim to verify that the robot operates reliably and meets the
functional requirements of autonomous warehouse item retrieval and delivery.

Mechanical System Testing:

Mechanical testing focuses on evaluating robot movement, lifting accuracy, and structural
stability. Repeated motion tests are conducted to verify smooth navigation using DC motors with
gearboxes and consistent lifting performance using the stepper motor-driven fork mechanism.
Positioning repeatability tests are performed to ensure accurate alignment with shelves during item
pickup and placement. Load testing is also conducted to confirm stable operation under different
item weights.

+ Electronic System Validation:
Electronic validation includes testing the reliability of motor drivers, sensor readings, and
power distribution. Communication tests are performed between the Arduino Mega and
ESP32 to ensure stable serial data exchange. Sensor functionality tests verify correct
distance measurement using ultrasonic sensors, accurate shelf detection using IR sensors,
and orientation feedback from the MPUG6050.

« Software Functionality Testing:
Software testing validates correct execution of movement sequences, item selection logic,
and system state transitions. Commands sent from the web interface are tested to ensure
proper interpretation and execution by the Arduino Mega. Error handling and system
response behavior are also evaluated to confirm safe and predictable operation.

« Web Interface Testing:
The web interface is tested to verify correct item request submission, inventory updates,
and real-time status feedback. Functional testing ensures that the interface prevents invalid
requests, such as dispatching from empty containers, and accurately reflects system state
during operation.
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3.5 System Integration and Communication Methodology

The OptiFork system operates through an integrated workflow that coordinates all hardware and
software components to achieve autonomous item retrieval and delivery inside the warehouse. The
system combines embedded control, wireless communication, sensor feedback, and inventory
management into a unified operational process.

The system workflow begins with user interaction through a web-based interface hosted on the
ESP32. Item requests submitted by the warehouse manager are transmitted to the Arduino Mega,
which executes predefined motion and lifting sequences based on the requested container and item
type. Throughout the operation, sensor feedback ensures correct navigation, shelf detection, and
safe item handling. Upon task completion, the system updates inventory records and returns the
robot to its initial position.

Figure 3.X illustrates the complete OptiFork system operation, highlighting the interaction

between the web interface, ESP32, Arduino Mega, sensors, actuators, and inventory update
process.
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Figure 3.5.1

The flowchart illustrates the integrated operation of the OptiFork system, showing how the
warehouse manager interacts with the system through a web-based interface while the ESP32 and
Arduino Mega coordinate control and communication tasks. The system maintains consistent
operational states throughout the workflow, ensuring structured execution of item requests and
reliable synchronization between hardware and software components. Comprehensive status
updates and error handling mechanisms are incorporated to provide clear feedback during
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3.5.1 Multi-Controller Architecture Integration

The OptiFork system adopts a distributed control architecture that utilizes multiple
microcontrollers to enhance system performance, reliability, and modularity. This integration
approach assigns specific responsibilities to each controller based on its capabilities, ensuring
efficient coordination between motion control, sensing, and user interaction.

Controller Role Distribution:

e Arduino Mega — Primary Control Unit:
The Arduino Mega serves as the main real-time controller responsible for executing
motion sequences, controlling DC motors and stepper motors, processing sensor data from
IR sensors, ultrasonic sensors, and the MPU6050, and managing item retrieval and
delivery operations. Its deterministic timing behavior supports precise control of lifting
mechanisms and navigation tasks.

e ESP32 - Communication and Web Server Unit:
The ESP32 manages wireless communication and hosts the web-based control interface
used by the warehouse manager. It handles item request submission, inventory
management logic, and bidirectional communication with the Arduino Mega. The ESP32
processes user inputs and transmits structured commands to the Arduino while receiving
status updates for real-time monitoring.

This multi-controller architecture enables clear separation of control and communication tasks,
improving system scalability and simplifying future expansion of the OptiFork system.

3.5.2 Peripheral Integration Methodology

The OptiFork system applies a structured methodology for integrating peripheral devices and
sensors to ensure reliable operation, accurate data acquisition, and efficient resource management
across all system components.

Sensor Integration Strategy:

The system integrates multiple sensors to support navigation, positioning, and operational
decision-making. Ultrasonic sensors are used for distance measurement and obstacle detection,
while IR sensors provide shelf position detection and guide the robot to the correct storage
location. The MPUG6050 inertial measurement unit supplies orientation and motion data to enhance
movement stability and alignment during navigation and item handling.

Actuator and Driver Integration:

DC motors with gearboxes are controlled through the L298N motor driver to enable smooth and
reliable robot movement. Stepper motors used for the lifting mechanism are integrated using the
TB6600 driver, providing precise control over fork elevation and load handling. These
components are coordinated through the Arduino Mega to ensure synchronized motion execution.

User Interface and Feedback Integration:

User interaction is managed through the web-based interface hosted on the ESP32. Commands
received from the interface are transmitted to the Arduino Mega, which executes the required
actions. System feedback, including operation status and inventory updates, is sent back to the
ESP32 and displayed on the web interface, ensuring synchronized feedback between the robot and
the user.
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State Management:

A centralized state-machine approach is implemented within the control firmware to maintain
consistent system behavior. This ensures that sensor readings, motor actions, and communication
events are processed in an organized manner, preventing conflicting operations and enabling
predictable autonomous behavior throughout warehouse operations.
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3.5.3 Safety and Monitoring Integration

The OptiFork system incorporates essential safety and monitoring mechanisms to ensure reliable
operation, protect hardware components, and maintain safe interaction during autonomous
warehouse activities.

Safety System Architecture:

The system implements electrical and operational safety measures to prevent damage and ensure
stable performance. High-power components such as motors and actuators are controlled through
appropriate driver modules, providing isolation between control logic and power circuits. This
separation reduces the risk of electrical faults and protects the control units during operation.

Operational Monitoring:

System monitoring is achieved through continuous feedback from sensors and control modules.
The Arduino Mega monitors motor activity and sensor readings to detect abnormal behavior
during navigation or lifting operations. Status updates are communicated to the ESP32, which
relays operational information to the web-based interface. This allows the warehouse manager to
observe system behavior and respond to errors or interruptions promptly.

By integrating safety controls and monitoring mechanisms at both the hardware and software
levels, the OptiFork system ensures stable autonomous operation and minimizes the risk of
mechanical or electrical failures during warehouse tasks.

3.6 Materials and Components

This section presents the main hardware components used in the OptiFork autonomous
warehouse robotic system. It includes the essential electronic, mechanical, and power components
along with their functional roles within the system architecture. The selected components were
chosen to ensure reliable operation, accurate control, and cost-effectiveness while supporting the
system’s automation requirements.

Table 3.1 summarizes the OptiFork system components, including controllers, sensors,
actuators, motor drivers, power modules, and mechanical parts used for mobility and item
handling. Each component plays a specific role in enabling autonomous navigation, structured
item retrieval, and inventory management within the warehouse environment.

Table 3.6.1
Component . .
No. Name Quantity Description
Arduino Mega Mlcrocqntroller poard for
1 9560 1 controlling the printer and
processing user inputs

5 ESP-WROOM- 1 Providing WiFi connectivity for

32 accessing the application
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MPUG6050

Motion and orientation sensor
used to improve robot stability and
navigation accuracy.

Dc motor with

Motors used to drive the robot
wheels and provide sufficient

gear box torque for movement.
Motor used for precise vertical
Stepper Motor movement of the fork lifting
NEMA 17 mechanism.

Continued on next page

23




CHAPTER 3. METHODOLOGY

Component . .
No. Name Image Quantity Description
6 Stepg)e_r Motor 1 Driver used to control the stepper
rIvers motor with precise and stable
motion.
: Motor driver used to control the
. L.982N driver ) direction and speed of DC motors.
Connects stepper motor shafts
8 Rigid Coupling 1 to lead screws, ensuring precise
motion transfer
Distance sensor used for obstacle
9 UltraSonic 1 detection during robot movement.
sensor
HC-SR09
Sensor used to detect shelf
10 IR OBSTACLE 1 positions and guide the robot to
target locations.
Power module used to regulate
and boost voltage levels in the
11 XL6009 STEP- 1 S
ystem.
UP BOOST
CONVERTOR
Main power source supplying
energy to motors and electronic
12 Bettery 12v-7a 1 components.
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13

PowerBank

Power source for the esp32

14

Wheels

Components used to enable
smooth movement and balance of
the robot.

Continued on next page
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No.

Component
Name

Quantity

Description

15

Caster Wheel

Components used to enable
smooth movement and balance of
the robot.

16

Lead Screws

Mechanical parts used to convert
motor rotation into linear lifting
motion.

17

Coupler

Mechanical parts used to convert
motor rotation into linear lifting
motion.

18

Nut

Mechanical parts used to convert
motor rotation into linear lifting
motion.

19

KPO08 Bearing

Mechanical parts used to convert
motor rotation into linear lifting
motion.

20

Fork

Mechanical structure used to lift
and transport items inside the
warehouse.
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3.7 Standards and Specifications

he OptiFork system is designed in accordance with general engineering and robotics standards to
ensure safe, reliable, and efficient operation within a warehouse environment. The applied
specifications focus on mechanical stability, electrical safety, and operational accuracy.

Mechanical and Operational Specifications:

« Stable robotic platform capable of carrying warehouse items safely.
o Precise lifting and lowering of items using stepper motor and lead screw mechanisms.
« Consistent alignment with shelves to ensure accurate item pickup and placement.

Electrical and Control Specifications:

o Use of regulated power supplies to provide stable voltage levels for controllers and motors.

o Electrical isolation between control circuits and high-power components through motor
drivers.

« Reliable serial communication between the Arduino Mega and ESP32 for command and
status exchange.

System Performance Specifications:

« Accurate obstacle detection using ultrasonic sensors.
« Reliable shelf detection using IR sensors.
« Consistent orientation and motion monitoring using the MPU6050 sensor.

These standards and specifications ensure that the OptiFork system operates safely, efficiently,
and consistently, while remaining suitable for deployment in real warehouse environments.

3.8 Constraints

3.8.1 Economic Constraints

The OptiFork project was developed under a limited budget of approximately 300 USD, which
imposed strict constraints on component selection and system design. This budget limitation
required the use of cost-effective hardware and locally available components only, avoiding
expensive commercial automation solutions. As the project is primarily designed as a graduation
project prototype, the focus was on achieving core functionality rather than full commercial
optimization.

Despite these limitations, the design considers the possibility of future commercialization by
adopting a modular structure that can be enhanced or scaled with higher-quality components if
additional funding becomes available. Maintenance cost considerations were addressed by
selecting standard, widely available components that are easy to replace and service.
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3.8.2 Environmental Constraints

The OptiFork system is designed to operate inside a closed warehouse environment with a
mostly smooth and slightly uneven floor surface. No significant environmental constraints such as
dust, humidity, or lighting variations were considered critical for system operation. However,
limited space and narrow warehouse paths represent a key environmental constraint,
influencing the robot’s size, turning radius, and movement speed.

3.8.3 Society Constraints

The system is intended to be used primarily by a warehouse manager, rather than technical staff.
Therefore, the design emphasizes ease of use without requiring technical expertise, supported
by a simple and clear web-based interface. From a social perspective, the system aims to reduce
dependency on manual labor while also assisting existing workers by automating repetitive item
retrieval tasks, rather than fully replacing human roles.

3.8.4 Health and Safety Constraints

For safety reasons, the OptiFork robot operates at a low movement speed and is designed to carry
a moderate load suitable for a prototype system. The project does not implement advanced safety
mechanisms such as automatic emergency stopping or power cut-off upon fault detection. Instead,
basic electrical protection through motor drivers and regulated power modules is applied to
ensure safe operation during testing and demonstration.

3.8.5 Manufacturability Constraints

The OptiFork system is developed as a prototype, not a mass-produced product. All mechanical
components used are ready-made metal parts, selected to simplify assembly and improve
durability. The design supports easy disassembly and maintenance, allowing components to be
accessed, replaced, or upgraded without specialized tools. This approach facilitates future
development and experimentation while maintaining practicality within the project’s scope.
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Chapter 4

Results and Discussion

This chapter presents the results and discussion of the OptiFork system performance. It evaluates
the robot’s operation, item retrieval accuracy, navigation reliability, and overall system
integration. The results highlight the effectiveness of the design and discuss the system’s strengths
and observed limitations during testing.

4.1 System Implementation Results

The OptiFork system was successfully implemented and tested. The prototype demonstrated
reliable integration of hardware and software and successfully performed automated item retrieval
and delivery tasks.

4.1.1 Physical System Design

The completed OptiFork prototype demonstrates a stable and compact mechanical design suitable
for operation inside a warehouse environment. The robot structure integrates all mechanical
components, including the wheel-based motion system, lifting mechanism, and fork assembly,
within a balanced and rigid frame.

The physical design allows easy access to mechanical parts for maintenance and adjustment while

ensuring stable movement and reliable item handling during operation. The implemented structure
supports smooth navigation, accurate alignment with shelves, and secure item transportation.
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Figure4.1.1
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Figure 4.1.2
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4.1.2 Mechanical System Performance

The mechanical system of the OptiFork robot demonstrated reliable performance during testing.
The movement system provided stable navigation, while the lifting mechanism operated smoothly
and consistently when handling items.

The stepper motor—based lifting system showed accurate and repeatable vertical motion, ensuring
proper alignment with shelves during item pickup and placement. DC motors with gearboxes
provided sufficient torque for controlled movement at low speed, suitable for warehouse
operation.

Overall, the mechanical design maintained stable performance throughout testing without
noticeable mechanical failure or instability.
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4.1.3 Electronic System Integration

The electronic system of the OptiFork robot operated successfully using a dual-controller
architecture. The Arduino Mega handled real-time motor control and sensor processing, while the
ESP32 managed wireless communication and the web-based interface. Communication between
both controllers was stable, enabling reliable coordination during item retrieval and delivery tasks.

4.2 Braille Output Quality Analysis

The OptiFork system demonstrated reliable operational performance during testing. The
robot successfully navigated the warehouse environment, accurately retrieved items from
designated locations, and delivered them to the specified delivery point. System behavior
remained consistent across repeated trials, confirming stable integration of mechanical,
electronic, and software components.

4.2.1 Sample Output Evaluation

Figure 4.7 illustrates the operational output of the OptiFork system during a sample item retrieval
task. The figure demonstrates the robot’s ability to correctly receive an item request, navigate to
the specified container, retrieve the item, and deliver it to the designated delivery point.

Task Accuracy:
The robot successfully identified the correct container based on the request received from the web
interface and executed the predefined movement sequence without deviation.

Navigation and Alignment:
The system maintained proper alignment with shelves using IR sensors, ensuring accurate
positioning during item pickup.

Item Handling:
The lifting mechanism operated smoothly, allowing secure lifting and placement of the item
without slippage or instability.

System Consistency:

Repeated tests showed consistent behavior in execution time, movement accuracy, and inventory
update after task completion.
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Figure 4.2.1
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4.2.2 Multi-Test Scenario Evaluation

Testing the OptiFork system under different operating scenarios demonstrated consistent and
reliable performance. The robot maintained stable navigation and accurate item handling across
repeated trials and varying load conditions.

The system continued to function effectively under different operational sequences, confirming its
robustness and suitability for controlled warehouse environments.
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4.3 User Interface Performance

The OptiFork system provides a functional and easy-to-use web-based user interface. During
testing, the interface successfully allowed the warehouse manager to submit item requests,
monitor robot status, and receive real-time feedback.

The interface operated reliably and enabled clear interaction with the system without requiring
technical expertise, supporting efficient and organized warehouse operations.

4.3.1 Web Interface Functionality
The ESP32-based web interface operated reliably during testing. It enabled remote item requests

and real-time monitoring of robot status. The interface worked consistently across different web
browsers and provided clear feedback for each operation.

4.4 System Integration Analysis
The OptiFork system demonstrated successful integration of all hardware and software

components. Communication between the ESP32 and Arduino Mega was stable, and the robot
followed the defined operational flow correctly during item retrieval and delivery tasks.

4.5 Discussion of Results
The OptiFork project successfully achieved its main objective of automating item retrieval inside a

warehouse environment. The system performed reliably during testing and demonstrated effective
coordination between mechanical, electronic, and software subsystems.

4.5.1 Technical Achievements
The main technical achievements of the project include:
e Successful implementation of an autonomous warehouse robot.
o Reliable web-based control and monitoring system.
o Cost-effective design using locally available components.
4.5.2 Performance Validation
Testing confirmed that the robot could accurately navigate to target locations, retrieve items, and

return to its starting point. The system showed consistent behavior across repeated test runs.

4.5.3 Accessibility Impact

The OptiFork system reduces manual effort required for item retrieval and supports more
organized warehouse operations. The system assists warehouse managers by automating
repetitive tasks.
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4.5.4 Limitations and Areas for Enhancement
As a prototype, the system has some limitations:

e The robot operates at low speed to ensure safety.

« Advanced safety features such as automatic emergency stop are not implemented.

o The system is designed for controlled indoor warehouse environments only.
Future improvements may include enhanced safety mechanisms, increased speed, and support for
heavier loads.

455 Comparative Analysis

Compared to manual warehouse operations, the OptiFork system provides improved efficiency
and accuracy at a low cost. Unlike fixed automation systems, it offers greater flexibility without
requiring expensive infrastructure.
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Chapter 5

Conclusions and Recommendations

This chapter presents the conclusions drawn from the design, implementation, and testing of the
OptiFork autonomous warehouse robotic system, along with recommendations for future
improvements and development.

5.1 Project Conclusions

The OptiFork system achieved its main objectives as a graduation project prototype,
demonstrating successful automation of item retrieval inside a warehouse environment. The
system was able to perform most required tasks reliably, including receiving item requests,
navigating to storage locations, retrieving items, and delivering them to a designated delivery
point.

While the system did not fully implement item placement back onto shelves, this functionality was
identified as future work and can be integrated in later development stages. Overall, the system is
considered successful, with some limitations expected for a prototype-level implementation.

5.1.1 Technical Achievements
The project demonstrates several key technical achievements:

o Mechanical Reliability:
The fork lifting mechanism operated stably during testing, enabling safe and consistent
item handling.

e System Communication:
Communication between the ESP32 and Arduino Mega was stable and reliable, allowing
smooth coordination between user commands and robot execution.

e User Interface Simplicity:
The web-based interface was easy to use and did not require technical expertise, making it
suitable for warehouse management tasks.

o Cost Efficiency:
The system was developed with a total cost of approximately 300 USD, representing a
significant achievement compared to traditional warehouse automation solutions.
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5.1.2 Accessibility Impact

The OptiFork system demonstrates a positive technical and economic impact. It reduces the
time and physical effort required for item retrieval and assists the warehouse manager in
organizing and monitoring inventory operations. By automating repetitive tasks, the system
improves operational efficiency while maintaining low implementation cost.

5.2 Limitations and Challenges

As a prototype system, OptiFork has several limitations:

e The robot performs item retrieval only and does not currently place items back onto
shelves.

e The system operates at low speed to ensure stability and safety.

« Advanced safety mechanisms such as emergency stop and automatic fault isolation are not
implemented.

o The system is designed for indoor, controlled warehouse environments only.

5.3 Recommendations
Future improvements can significantly enhance system capabilities, including:

Adding item placement functionality to allow full shelf management.

Improving navigation intelligence and movement speed.

Implementing advanced safety features such as obstacle-based emergency stopping.
Enhancing load-handling capability for heavier items.

Developing the prototype into a practical system suitable for real warehouse deployment.

5.4 Final Remarks

The OptiFork project demonstrates that effective warehouse automation solutions can be
developed using low-cost components and thoughtful engineering design. The system combines
embedded control, wireless communication, and mechanical actuation to deliver a functional and
scalable prototype.

This project highlights how engineering solutions can provide both technical value and economic
benefit, and it lays a solid foundation for future work in autonomous warehouse systems and
intelligent logistics automation.
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