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ABSTRACT 

 

Omnidirectional S.L.A.M. Autonomous Navigation 

Wheelchair 
 

2106A923 Ahmed ELGAMASY 

2106A928 Abdullah MAHMUTOĞLU 

2006A928 Salah ELTANTAWY 

 

Department of Mechatronics Engineering 

Graduation Thesis Report 

 

Supervisor: Prof. Dr. Onurcan ŞAHIN 

 

This project aims to develop an autonomous, smart, omnidirectional wheelchair that 

enhances mobility and accessibility for individuals with severe physical 

impairments. This project addresses the challenges of accessibility in negotiating 

complex environments with improved SLAM, ROS and omnidirectional mecanum 

wheels. The wheelchair shall be able to cater to Flexibility required by users with 

diversified needs. Key features include obstacle avoidance, environment mapping 

and a hands-free user interface that can be controlled by a mixture of head 

movements and voice commands, providing a personalized and intuitive 

experience. This project's results can have quite some impact on society, making 

the difference in personal independence, healthcare facilities and inclusive design 

concerning public spaces. This novelty is part of assistive technology and furthers 

research on autonomous navigation and human machine interaction.  

Keywords: Autonomous, Accessibility, Omnidirectional Motion, ROS, S.L.A.M.
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1 

System Design Summary and Design Revision 

 

1.1 Project Summary and Objectives 

This project presents the development of a fully autonomous, omnidirectional 

robotic wheelchair intended to improve mobility for individuals with severe 

physical impairments, particularly in confined and dynamic indoor environments. 

The system is built around three foundational objectives: achieving seamless 

multidirectional mobility, enabling autonomous navigation, and supporting 

intuitive user control. 

To accomplish this, the wheelchair employs Mecanum wheels that allow 

omnidirectional movement, enabling smooth forward, backward, lateral, and 

diagonal motion without the need for complex mechanical steering systems. For 

navigation, the system utilizes the Robot Operating System (ROS) framework, 

incorporating Simultaneous Localization and Mapping (SLAM) algorithms to 

perform real-time mapping and localization with an accuracy of ±5 cm. 

Environmental data is acquired using an RGB-D camera, which supports reliable 

obstacle detection within a range of 0.2 to 3 meters. Based on this data, the system 

performs dynamic path planning using local and global cost maps, maintaining a 

localization error below 10 cm and responding to environmental changes within 300 

milliseconds. 

User interaction is facilitated through a head movement-based control interface 

using an onboard inertial measurement unit (IMU), allowing individuals with 

limited hand or arm mobility to control the system. While early designs also 

considered voice command functionality, this was excluded in the final 

implementation to streamline the control architecture and improve system 

reliability. The entire platform is powered by a 12V battery system and is designed 
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to be modular, lightweight, and ROS-compatible. Together, the integrated 

mechanical, electrical, and software subsystems enable reliable autonomous 

operation with a focus on indoor accessibility, user independence, and system 

scalability. 

An early-stage concept sketch of the proposed 

system is shown in Figure 1.1. It illustrates 

the overall structure and intended component 

placement, including the RGB-D camera for 

environmental sensing, mecanum wheels for 

omnidirectional movement, and the SLAM-

based control unit. While some features such 

as the microphone and speakers were later 

excluded from the final design, this diagram 

reflects the foundational ideas guiding the 

development process. 

1.2 System Functional Overview 

The high-level functionality of the system is illustrated in Figure 1.2, which 

outlines the primary input categories—user commands, environmental data, and 

power supply—and the corresponding system outputs. The robotic wheelchair 

processes these inputs to generate motion, navigation decisions, and user feedback, 

forming a closed-loop interaction between the environment, user, and machine. 

 

 

Figure 1.2 Black-box diagram of the autonomous wheelchair. 

Figure 1.1 Initial concept sketch of the 

autonomous wheelchair. 
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1.3 Morphological Analysis and Design Alternatives 

To systematically explore and compare alternative design approaches for the key 

subsystems of the robotic wheelchair, a morphological analysis was conducted. 

This method organizes multiple solution options for each core function—such as 

navigation, control, mobility, safety, and power—into a structured matrix, allowing 

visual evaluation of trade-offs between performance, feasibility, cost, and 

integration complexity. Each row of the chart represents a distinct functional 

requirement, while the columns list viable technical approaches considered during 

the concept development phase. 

The morphological chart, shown in Table 1.1, summarizes the functional 

architecture of the system and highlights the alternatives assessed. Based on this 

analysis, the project adopted an RGB-D camera for navigation instead of ultrasonic 

or LiDAR sensors, a head movement-based control interface instead of voice or 

brain–computer interfaces, and a mecanum-wheel-based drive system for 

omnidirectional movement. These selections were guided by constraints related to 

indoor use, system simplicity, ROS compatibility, and overall cost-efficiency. 

 Function  Approach 1 Approach 2 Approach 3 

Navigation Methodology 

Ultrasonic Sensor RGB-D Camera LiDAR Sensor 

Microcontrollers 

 

Arduino Microcontroller Raspberry Pi 

 

Nvidia Jetson Nano 

 

 

Drive Methods 

4 - Mecanum Wheels 3 – Omni Wheels 

 

Differential Driver w/ 

Caster Wheels 

Obstacle Avoidance 
S.L.A.M. Based Algorithm AI-Based Path Planning Real-Time – Reactive 

Algorithm 
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User Interaction 
 

Brain-Computer interface Head Movement Voice - Commands 

Safety Mechanism 

Emergency Stop Proximity Sensor Anti-Tip Mechanism 

Power System Lead – Acid Battery Li-Ion Battery LiFePO4 Battery 

Table 1.1 Morphological chart illustrating design alternatives for major system functions 

including navigation, control, drive method, obstacle avoidance, suspension, user 

interaction, safety mechanisms, and power supply. 

The final configuration of the system was selected based on feasibility, reliability, 

and compatibility with the project’s autonomous indoor navigation goals. An RGB-

D camera was chosen as the primary navigation sensor due to its ability to perform 

accurate environmental depth scanning while maintaining compatibility with ROS 

and SLAM frameworks. For the control unit, a hybrid approach was implemented 

using both a Raspberry Pi and an Arduino board—allowing for parallel handling of 

high-level processing tasks and real-time hardware-level control. The drive system 

consists of four mecanum wheels, enabling omnidirectional movement and precise 

maneuverability in constrained indoor environments. A SLAM-based algorithm 

was selected for obstacle avoidance and dynamic path planning, offering real-time 

mapping and localization with sufficient accuracy for indoor settings. 

For user interaction, head movement control was implemented via an inertial 

measurement unit (IMU), providing a hands-free and accessible interface for 

individuals with limited motor function. Safety was addressed through the 

integration of a manual emergency stop mechanism to allow rapid user or operator 

intervention in case of unexpected behavior. Finally, a LiFePO₄ battery was 

selected as the power source due to its high energy density, thermal stability, and 

longer lifecycle, ensuring both safety and extended operation time during 

autonomous tasks. 
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2 

Detailed Design 

2.1 Design Specifications 

The design specifications outlined in this section define the physical, kinematic, 

and operational parameters of the autonomous wheelchair. These values were 

selected based on international standards, safety considerations, and the functional 

requirements of indoor mobility. Special attention was given to ensure that the 

wheelchair remains compliant with ISO 7176 series standards, which regulate 

performance, safety, and dimensional constraints for powered wheelchairs. The 

specifications listed below serve as baseline criteria that guided the detailed 

design, prototyping, and testing phases of the project. 

Parameter 
Nominal 

Value 

Maximum 

Value 
Justification 

Linear Velocity 

(m/s) 
1.0 1.67 

Aligns with ISO 7176-10 and 

ISO 7176-6 maximum speed limit of 

6 km/h for indoor electric wheelchairs 

Linear Acceleration 

(m/s²) 
0.5 1.0 

Conforms to ISO 7176-6 performance 

testing for safe acceleration/deceleration 

Angular Velocity 

(rad/sec) 
0.5 1.0 

Maintains safe turning control within 

indoor dynamics—analogous to max 

steering speed limits in ISO 7176-5 
 

Operational Slope 

(degrees) 5° 
 

10° 
 

ISO 7176-10 and RESNA standards 

specify stable operation up to at least 

10° for indoor wheelchairs 
 

Table 2.1 Kinematic and Operational Specifications 
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Components Material Mass (Kg) Justification 

Chassis 
Aluminum 

alloy 6063 
8.6 

Structural frame 

supporting all mechanical 

loads. 

Electrical 

Components 
- 10 

Includes Raspberry Pi, 

Arduino, sensors, and 

wiring. 

Accessories -  5 
Secondary components 

like mounts, brackets, etc. 

User -  120 
Assumed average user 

mass for load design. 

Total -  143.6 

Total load considered for 

performance and safety 

design. 

Table 2.3 – Mass and Load Distribution 

 

 

Parameter Value Justification 

Wheelchair Width 

(m) 
0.7 

Designed to pass 

through standard 80–90 

cm wide doors. 

Wheelchair Length 0.75 

Compact length for 

maneuvering in indoor 

environments. 

Table 2.2 – Dimensional Specifications 
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2.2 Work Package Breakdown and System Functionality 

By breaking down the system into smaller sub-functions such as mobility, 

navigation, sensor data processing and user interface control, potential 

inefficiencies or optimization issues can be identified much more easily. This 

method of analysis ensures that the project’s system operates effectively, reliably 

and safely while still meeting all the required and specific needs of the users. 

Functional analysis provides a clear, concise pathway for integrating improvements 

and advancements in areas such as obstacle detection, response time and user 

control interfaces to enhance the overall system performance. In a simplified 

perspective, the project involves three main inputs and produces three essential 

outputs. We introduce to the system user input, environmental data, and power from 

a supply source; the system then must produce user feedback, environmental 

navigation & mapping, as well as smart mobility. This can be better visualized 

through the black-box diagram. 

In order to effectively manage the development of this complex system, the project 

was divided into distinct work packages (WB) based on functional blocks identified 

in the system architecture. Each work package corresponds to a major subsystem 

such as user command processing, sensor data handling, mobility control, or power 

management. These were further subdivided into sub-work packages (SWB) that 

Figure 2.1 Functional architecture and modular breakdown of the robotic autonomous wheelchair. 
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address more specific tasks, such as SLAM implementation, obstacle detection, or 

motor control logic. This modular approach enabled parallel task execution among 

team members, improved task ownership, and facilitated system integration by 

clearly defining interfaces and responsibilities. 

Work 

Package 

Subsystem / 

Function 
Sub-Packages 

Responsible 

Members 

WP1 

Mechanical 

Architecture and 

CAD Design 

• Chassis design 

• Mecanum wheel design 

• Motor mounting system design 

• Motor calculations 

Abdullah 

Salah 

WP2 

Electronic 

Hardware and 

Power Systems 

• Microcontroller Communication 

Interface Design 

• Electronic Component Selection and 

Specification 

• Power and Signal Circuitry Design 

Abdullah 

Salah 

WP3 S.L.A.M 
• AMCL Localization 

• Gslam Mapping 

Ahmed 

Salah 

WP4 
Autonomous 

Navigation 

• Odometry 

• Robot Visualization 

• ROS Navigation Stack 

Ahmed  

Abdullah 

WP5 
Head Motion 

Control 

• IMU Head Orientation  

• Omnidirectional Motion 
Ahmed  

WP6 

System 

Integration and 

Validation 

• System-Level Mechanical Assembely 

• Electrical Wiring and Interconnection 

• Prototyping and Integration 

• Functional and Validation Testing 

Ahmed 

Abdullah 

Salah 

Table 2.4 – Work package breakdown with subsystem responsibilities and task-level sub-

packages. 
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Figure 2.2 Multiple Section Views of Original Design 

Figure2.3 Original Frame Technical Drawing 

2.3 Mechanical Architecture and CAD Design 

2.3.1 Chassis Design 

 

 

 

 

 

 

 

 

 

 

The original chassis design for the autonomous wheelchair was based on a welded 

low-carbon steel frame constructed from square hollow sections. This approach 

was selected early in the project for its strength, rigidity, and availability of 

materials. The goal was to provide a stable platform that could support the 

wheelchair’s weight, ensure user safety, and accommodate all major components 

including the mecanum wheels, motors, battery pack, and user seating system. 
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While this design offered mechanical robustness, the fabrication process 

introduced several drawbacks: 

• Welding complexity required skilled technicians and specialized tools 

• No flexibility for adjustments once welded (limiting future iterations or 

repairs) 

• Increased weight, reducing overall energy efficiency and portability 

• Higher production time and cost, especially for a one-off prototype 

As the project progressed and new needs for modularity, adjustability, and 

iterative testing emerged, it became evident that a more flexible and efficient 

framing method was needed. These challenges ultimately led to a full redesign of 

the chassis structure. 

Frame Redesign Rationale and Overview 

During the development phase, the team made a strategic decision to redesign the 

wheelchair’s chassis from the original welded low-carbon steel frame to a more 

modular construction using 30x30 slot anodized aluminum profiles. This change 

was driven by practical engineering considerations including ease of assembly, 

cost-effectiveness, and elimination of welding complexity. 

Motivation for Redesign: 

1. Avoiding Welding Challenges 

The initial design relied on on-site cutting and welding of steel square pipes. 

However, welding required specialized equipment, skilled labor, and post-

Figure 2.4 Detailed Analysis of 30x30 AL1060 Sigma Profile 
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Figure 2.5 Redesigned Chasis Frame 

processing (e.g., grinding, painting), which introduced delays, inconsistencies, 

and higher fabrication costs. 

2. Modular and Reconfigurable Structure 

The aluminum sigma profile system (30x30, 8-slot) provides a modular 

framework that supports tool-less assembly, rapid prototyping, and easy 

modification. This flexibility is essential during iterative testing phases and for 

future upgrades (e.g., mounting new sensors or adjusting seat height). 

3. Reduced Assembly Time and Cost 

The use of pre-manufactured extrusions and fasteners (T-nuts, corner brackets, 

joint plates) eliminated the need for custom metalwork and allowed the entire 

frame to be assembled using basic tools. This reduced both material waste and 

labor time, while maintaining structural integrity. 

 

 

 

 

 

 

 

 

 

 

 

 

These components are readily available from local suppliers and online markets, 

reducing sourcing lead time. The frame’s structural strength remains adequate for 

the intended load (up to 120 kg), while improving maintainability and lightweight 

maneuverability. 
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Figure 2.5  von Mises stress analysis of the chassis structure using AL-6061 under 120 kgf load. 

Figure 2.6 Total displacement analysis of the chassis structure under 120 kgf load. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To evaluate the structural performance of the redesigned chassis, a finite element 

analysis was conducted using SolidWorks Simulation with aluminum alloy AL-

6061 as the material. Figure 2.5A illustrates the von Mises stress distribution under 

a static load of 120 kgf. The highest stress values reached approximately 

2.7×1072.7 \times 10^72.7×107 N/m², remaining well below the yield strength of 
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Figure 2.6A  Exploded view of the designed 3D-

printed mecanum wheel assembly, including 

rollers, side plates, and central hub. 

Figure 2.6B Assembled view of the 3D-

printed mecanum wheel showing the 

angular roller configuration for 

omnidirectional movement. 

AL-6061 (5.5×1075.5 \times 10^75.5×107 N/m²), indicating the structural safety 

and resilience of the design. Figure 2.5B presents the resulting displacement plot, 

with a maximum displacement of about 0.35 mm—an acceptable deformation that 

ensures the frame maintains stability and integrity under loading conditions. These 

results validate the mechanical robustness of the structure for intended operational 

use. 

2.3.2 Mecanum Wheel Design 

To achieve omnidirectional mobility essential for indoor environments, Mecanum 

wheels were selected as the drive system. These wheels allow the wheelchair to 

move forward, backward, laterally, and diagonally without changing its 

orientation, making them ideal for tight and dynamic spaces such as hallways or 

hospital rooms. The Mecanum wheel’s unique ability stems from the angled 

rollers mounted around its circumference, which generate traction vectors at 45° 

angles. When combined across four wheels, with 9 rollers each, paired with 

coordinated control, the system enables holonomic movement with high 

maneuverability. In this project, the wheels were custom-designed, and 3D printed 

using PLA material, with design considerations including roller placement, 

diameter, infill density, and secure mounting to the motor shaft. 
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To improve design flexibility and ensure scalable integration with the wheelchair 

chassis, we converted our Mecanum wheel CAD model into a fully parametric 

model using SolidWorks. This redesign involved restructuring the original 

geometry into a modular system governed by global variables and equations, 

allowing key dimensions to be edited from a central table. 

Initially, the wheel components were modeled with static dimensions, requiring 

time-consuming manual edits for every iteration or size change. As the project 

progressed, we recognized the need for: 

• Scaling wheel dimensions to match the wheelchair frame and torque 

requirements 

• Rapid prototyping of design variants for testing different configurations 

• Efficient updates across all parts (plates, mounts, hub) when changing a 

single dimension 

By implementing parametric control, we ensured that the entire wheel assembly 

could be adjusted dynamically—without needing to manually edit individual 

sketches or features. 

The parametric model includes adjustments parameters such as: 

• Outer Plate Diameter 

• Inner Hole Diameter 

• Mounting Angle and Bolt Patterns 

• Hub Geometry 

• Mount Thickness and Diagonal Lengths 

• Roller Spacing and Support Geometry 

 

These parameters are linked using equations and design tables, enabling 

synchronized updates throughout the model. For instance, changing the wheel 

width automatically adjusts the spacing between the side plates and the mount 

intersection geometry. 
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Figure 2.7 Parametric Design of Mecanum Wheel Components in SolidWorks 
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Figure 2.8 Technical drawing and 3D model of custom PLA motor holders used in the mounting system. 

 

2.3.3 Motor mounting system design 

To ensure secure and reliable attachment of the drive motors to the wheelchair 

frame, a dedicated motor mounting system was developed. This system comprises 

two custom-designed holders that envelop the body of each motor, providing both 

structural support and precise alignment along the drive axis. The holders are 3D 

printed from PLA (Polylactic Acid), a material selected for its ease of 

manufacturing, dimensional stability, and cost-effectiveness in rapid prototyping 

applications. 
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Each holder was designed in SolidWorks and tested virtually for fit and tolerances. The 

assembly allows the motor shaft to align perfectly with the transmission shaft, supported 

by bearing housings mounted on an aluminum base plate. The 3D models were converted 

into 2D technical drawings to assist in printing accuracy and assembly guidance, as 

shown in Figures 2.8A and 2.8B. These holders are then bolted securely to the frame 

using standard fasteners, and the assembly includes linear guide rails to facilitate 

alignment during the prototyping stage. 

The use of PLA for these components is justified by the relatively low mechanical stress 

they endure, as the bulk of torque transfer is handled by the shaft system. However, the 

mounting geometry ensures enough rigidity to prevent vibrations or slippage during 

operation, which is especially critical given the omnidirectional movement profile of the 

mecanum drive system. 

 

2.3.4 Motor Calculations  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 3D assembly view of the motor mounting system 

showing dual PLA holders, shaft couplings, bearings, and 

alignment rail structure. 

mg 

v 
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𝐹𝑓 

 

Wheel radius: 0.2 m  

Coefficient of Friction 𝜇 : 𝟎. 𝟎𝟒 

𝐹𝑡 = 𝐹𝑓 + 𝐹𝑎 + 𝐹𝑖𝑛𝑐𝑙𝑖𝑛𝑒 

                Where: 

                  𝐹𝑡 : Traction Force 

                  𝐹𝑓 : Friction Force 

                  𝐹𝑎  : Acceleration Force 

                   𝐹𝑔  : Component of Gravitational Force parallel to the incline 

Figure 2.10 Force Analysis on a Slope 
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Mecanum Wheels Dynamics 

The Following equation relates the rotational 

speed of each wheel with the Linear velocity of 

the Wheelchair.  

 

 

 

 

 

 

 

 

 

 

 

 

Friction force: 

𝐹𝑓 = 𝑚𝑔𝜇 𝑐𝑜𝑠(𝜃) = 160(9.80665) cos(10°) (0.04) = 𝟔𝟏. 𝟖𝟎𝟗 𝑵 

Acceleration Force 

𝐹𝑎 = 𝑚𝑎 = 160(0.5) = 𝟖𝟎 𝑵 

Component of  Acceleration Force Parallel to the Incline 

𝐹𝑔 = 𝑚𝑔𝑠𝑖𝑛(𝜃) = 160(9.80665) sin(10°) = 𝟐𝟕𝟐. 𝟒𝟔𝟓 𝑵 

 

 

 

   

  Total Force 

  𝐹𝑡 =   𝐹𝑓   +   𝐹𝑎   +   𝐹𝑖𝑛𝑐𝑙𝑖𝑛𝑒 = 61.809 +   80  +   272.46 =   414.274 N 

 Total Torque 

  𝑇𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑇𝑜𝑟𝑞𝑢𝑒 = 𝐹𝑡 × 𝑟 = 414.274(0.2) = 𝟖𝟐. 𝟖𝟓𝟓 𝐍. 𝐦 

 Torque  per Wheel 

  𝑇𝑤 = 𝑤ℎ𝑒𝑒𝑙 𝑡𝑜𝑟𝑞𝑢𝑒
𝑇𝑡

4cos (45°)
= 𝟐𝟗. 𝟐𝟗𝟒 𝑵. 𝒎 

[

𝜔𝑓𝑙
𝜔𝑓𝑟 
𝜔𝑟𝑙
𝜔𝑟𝑟

] = 
1

𝑟
    [

1 −1 −0.5(𝑙𝑥 +  𝑙𝑦)
1 1 0.5(𝑙𝑥 +  𝑙𝑦)
1 1 −0.5(𝑙𝑥 +  𝑙𝑦)
1 −1 0.5(𝑙𝑥 +  𝑙𝑦)

]  [
𝑉𝑥
𝑉𝑦
𝑊𝑧

] 

L
y
 

L
x
 

Figure 2.11 Mecanum Configuration Analysis 
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To be able to calculate the maximum rotational speed of each wheel, We need 

to use the inverse kinematic equations mentioned above; and test the following 

conditions: 

 

1. Motion with Maximum Velocity in X direction:  

 

 

 

 

 

 

 Plugging in the Values: 

 

 

 

 

 

 

 

2. Motion with Maximum Velocity in the Y direction:  

 

 

 

 

 

 

Plugging in the Values 

 

 

 

 

 

 

 

 

Vx = 1.67 m/s | Vy = 0 m/s | Wz = 0 m/s 

[

𝜔𝑓𝑙
𝜔𝑓𝑟 
𝜔𝑟𝑙
𝜔𝑟𝑟

] = 
1

0.2
    [

1 −1 −(0.9 + 0.75)
1 1 (0.9 + 0.75)
1 1 −(0.9 + 0.75)
1 −1 (0.9 + 0.75)

]  [
1.67

0
0

] 

ω
fl
 = 

1

0.2
  [1.67  0  0] = 8.35 rad/s 

 
ω

fr
 = 

1

0.2
 [1.67  0  0] = 8.35 rad/s 

 

 
ω

rl
 = 

1

0.2
 [1.67  0  0] = 8.35 rad/s 

 ω
rr

 =        
1

0.2
      [1.67           0         0]     =      8.35     rad/s 

Vx = 0 m/s | Vy = 1.67 m/s | Wz = 0 m/s 

[

𝜔𝑓𝑙
𝜔𝑓𝑟 
𝜔𝑟𝑙
𝜔𝑟𝑟

] = 
1

0.2
    [

1 −1 −(0.9 + 0.75)
1 1 (0.9 + 0.75)
1 1 −(0.9 + 0.75)
1 −1 (0.9 + 0.75)

]  [
0

1.67
0

] 

ω
fl
 = 

1

0.2
  [0    -1.67    0] = -8.35 rad/s 

ω
fr

 = 
1

0.2
  [0    1.67    0] = 8.35 rad/s 

ω
rl

 = 
1

0.2
  [0    1.67    0] = 8.35 rad/s 

ω
rr

 =      
1

0.2
        [0            -1.67              0]      =  -8.35  rad/s 



26 

3. Moving with Maximum Velocity Diagonally 

 

 

 

 

 

 

 

Plugging in the Values 

 

 

 

 

 

 

The Maximum Rotational Speed required was found to be 11.8 rad/s. This 

value will be then 

converted to Rpm (n), which in terms will be used in the motor selection 

process. 

 

 

The maximum Power dissipated is calculated as:  

 

 

 

 

From the above Dynamic Analysis the following motor requirements were 

found to be suitable for running the wheelchair with the specified parameters: 

Parameter Target Value      

Torque (N.m) 29.294 

RPM  112.77 

Power  (W) 345.933 

Table 2.5 Motor Selection Parameter. 

Vx = 1.18 m/s | Vy = 1.18 m/s | Wz = 0 m/s 

[

𝜔𝑓𝑙
𝜔𝑓𝑟 
𝜔𝑟𝑙
𝜔𝑟𝑟

] = 
1

0.2
    [

1 −1 −(0.9 + 0.75)
1 1 (0.9 + 0.75)
1 1 −(0.9 + 0.75)
1 −1 (0.9 + 0.75)

]  [
1.18
1.18

0
] 

ω
fl
 = 

1

0.2
  [1.18    -1.18    0] = 0 rad/s 

ω
fr

 = 
1

0.2
  [1.18     1.18    0]= 11.8 rad/s 

ω
rl

 = 
1

0.2
   [1.18      1.18    0] = 11.8 rad/s 

ω
rr

 =       
1

0.2
       [1.18                         - 1.18                0] =     0      rad/s 

n = w ⋅ 60/2𝜋 = 11.8 ⋅ 60/2𝜋 = 112.77 rpm 

𝑊max = 11.809 rad/s 

𝑃 = 𝑊max ⋅ 𝑇𝑤 = 345.933 Watt 
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2.4 Simultaneous Localization and Mapping (S.L.AM.) 

SLAM stands for Simultaneous Localization and Mapping. In other words, it 

is a concept in ROS that means mapping by a robot in an unknown environment 

while at the same time building a map of that environment.  

In essence, SLAM allows robots, like autonomous wheelchairs, to understand 

their surroundings and plan their paths in real-time without relying on pre-

existing maps. It combines both mapping (the process of creating the map) and 

localization (the process of determining the robot's position within the map). 

Simultaneously means it happens in real-time, Localization ensures the robot 

knows where it is and Mapping creates a spatial representation of the 

surroundings.  

The basic issue in navigation on the autonomous wheelchair project includes 

implementing SLAM-such a technique that can enable a wheelchair to be self-

mobilizable in dynamic conditions, thus regularly updating the coordinates of the 

chair and everything which surrounds it. 

2.4.1 Gslam Mapping 

One of the key methods to perform SLAM is through GMapping, which is a 

ROS-based algorithm used to build a map of the environment. The GMapping 

algorithm takes sensor data, such as from a Kinect camera or a LiDAR, and uses it 

to generate a map of the robot's surroundings. This map is built incrementally as 

the robot moves through the environment. 

  

Figure 2.12 Grid Occupancy Map showcasing SLAM Mapping Technique 
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The GMapping algorithm works by employing odometry, sensor fusion, and 

real-time pose estimation to create a 2D occupancy grid map. The algorithm 

processes data from sensors like LaserScan and PointCloud, which provide 

depth information and a detailed 3D view of the environment, respectively. As the 

robot moves, GMapping continuously updates the map, filling in details about 

obstacles, walls, and open spaces. This map is crucial for the robot's navigation as 

it forms the basis for path planning and obstacle avoidance. 

Key Components 

• LaserScan Input: The main sensor input is typically a LaserScan or 

LiDAR data stream, which provides range measurements to the robot's 

surroundings. This sensor data is used to construct a 2D occupancy grid 

map. 

• Particle Filter: GMapping uses a particle filter to estimate the position and 

orientation (pose) of the robot in the environment as it moves. 

• Occupancy Grid: GMapping outputs a 2D occupancy grid map 

representing obstacles in the environment. This grid is updated as the robot 

moves and gathers more sensor data. 

 

<launch> 

  <!-- Start the robot's sensor data --> 

  <node name="robot_state_publisher" 

pkg="robot_state_publisher" type="robot_state_publisher" 

output="screen"/> 

   

  <!-- Launch GMapping --> 

  <node name="slam_gmapping" pkg="gmapping" 

type="slam_gmapping" output="screen"> 

    <param name="base_frame" value="base_link"/> 

    <param name="map_frame" value="map"/> 

    <param name="scan" value="laser_scan"/> 

    <param name="max_range" value="5.0"/> 

    <param name="min_range" value="0.1"/> 

    <param name="angle_min" value="-2.35"/> 

    <param name="angle_max" value="2.35"/> 

    <param name="angle_increment" value="0.01"/> 

    <param name="scan_time" value="0.1"/> 

    <param name="max_beams" value="180"/> 

    <param name="linear_update" value="0.2"/> 

    <param name="angular_update" value="0.2"/> 

    <param name="occupancy_threshold" value="0.25"/> 

    <param name="srr" value="0.1"/> 

    <param name="srt" value="0.1"/> 
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    <param name="str" value="0.1"/> 

    <param name="stt" value="0.1"/> 

  </node> 

</launch> 

 

This snippet configures the GMapping algorithm for Simultaneous 

Localization and Mapping (SLAM) in ROS. Key parameters such as 

max_range, min_range, angle_min, and angle_max control the laser sensor's 

range and field of view. Linear_update and angular_update set the frequency 

of map updates as the robot moves. Additionally, parameters like srr, srt, str, 

and stt influence the noise model of the particle filter, affecting localization 

accuracy. These parameters collectively ensure efficient map creation and 

reliable robot localization for autonomous navigation. 

2.4.2 AMCL Localization 

After the map is generated using the GMapping algorithm, the next step in 

autonomous navigation is localization. Localization is the process by which the 

robot determines its position relative to the map it just created. This is done using 

an algorithm called AMCL (Adaptive Monte Carlo Localization). 

AMCL is a probabilistic approach that uses particle filtering to estimate the 

robot’s pose (position and orientation) in an environment. It compares real-time 

sensor data, such as LaserScan inputs, with the map generated earlier. This 

allows AMCL to refine the robot's position and adjust for discrepancies or noise 

in the sensor data, ensuring that the robot remains localized even when there are 

small errors in its odometry or sensor readings. 

Through AMCL, the robot is able to make dynamic adjustments to its path, 

reacting to changes in the environment and ensuring that it navigates smoothly 

from one point to another. This continuous updating of the robot’s position, 

combined with path planning algorithms, enables the robot to move autonomously 

and avoid obstacles in real time. 
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Key Parameters in AMCL: 

• base_frame: Defines the reference frame for the 

robot's base (e.g., base_link). 

• map_frame: Refers to the coordinate frame of 

the map, usually map. 

• odom_frame: The frame of reference for the 

odometry data, such as odom. 

• laser_max_range: The maximum range of the 

laser sensor used for localization. 

• update_min_d and update_min_a: Control how 

much the robot must move (in distance and 

angle) before updating its pose estimate. 

• min_particles and max_particles: These 

parameters define the minimum and maximum 

number of particles used in the particle filter. 

More particles increase accuracy but consume 

more computational resources. 

• resample_interval: Specifies how often the 

algorithm resamples the particles, which is 

critical for maintaining localization accuracy. 

 

2.5 Autonomous Navigation  

Autonomous navigation in robotics refers to the ability of a robot to navigate 

through an environment without human intervention. This involves understanding 

the environment (via sensors like cameras, LiDAR, or lasers), planning paths, and 

controlling motion. The key components that facilitate autonomous navigation 

include odometry, robot visualization, and the ROS navigation stack. 

 

2.5.1 Odometry 

Odometry involves estimating the robot's position and orientation based on wheel 

rotations. For a mecanum wheel configuration, each wheel can spin 

independently in any direction, allowing the robot to move forward, backward, 

sideways, and rotate all while staying in place. However, due to this flexibility, 

odometry systems need to account for the unique wheel speeds and rotations, 

requiring precise angle measurements from each wheel’s encoder. 

 

To create an effective 4-motor odometry system using the AS5600 encoders, each 

wheel is equipped with one AS5600 encoder. The encoder measures the angular 

position of the wheels in relation to the robot's body, and the system uses these 

measurements to estimate the robot’s movement in the world frame. The four 

encoder setup works as follows: 

 

Figure 2.13 AMCL Application 
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• Encoder 1 (Front-Left Wheel) 

• Encoder 2 (Front-Right Wheel) 

• Encoder 3 (Rear-Left Wheel) 

• Encoder 4 (Rear-Right Wheel)

For each motor, the RPM (rotations per minute) and angular velocity are 

calculated based on the encoder readings. Using these values, we compute the 

robot’s displacement in the x, y, and θ (orientation) axes. 

The kinematics of mecanum wheels are used to compute the robot's movement in 

real time based on individual wheel speeds. The robot's position in the world frame 

is updated by integrating the linear and angular velocities derived from the encoder 

data. 

Kinematic Model for Mecanum Wheels: 

The control of a mecanum robot can be described by the following set of equations: 

𝑉𝑥 =
1

4
(𝑉𝐹𝐿 + 𝑉𝐹𝑅 + 𝑉𝑅𝐿 + 𝑉𝑅𝑅) 

𝑉𝑦 =
1

4
(−𝑉𝐹𝐿 + 𝑉𝐹𝑅 + 𝑉𝑅𝐿 − 𝑉𝑅𝑅) 

𝜔 =
1

4
(−𝑉𝐹𝐿 + 𝑉𝐹𝑅 − 𝑉𝑅𝐿 + 𝑉𝑅𝑅) 

Where: 

•  𝑉𝑥 and 𝑉𝑦 are the robot's linear velocity in the x and y directions. 

• ω is the angular velocity (rotational speed). 

• 𝑉𝐹𝐿 , 𝑉𝐹𝑅 , 𝑉𝑅𝐿 , 𝑉𝑅𝑅 are the velocities of the Front-Left, Front-Right, 

Rear-Left, and Rear-Right wheels respectively. 

Integration of Velocity and Position 

The odometry system uses the wheel velocities derived from the AS5600 encoders 

to update the robot's position: 

 

 

𝑋(𝑡) = 𝑋(𝑡 − 1) + 𝑉𝑥  ∆𝑡 

𝑌(𝑡) = 𝑌(𝑡 − 1) + 𝑉𝑦 ∆𝑡 

𝜃(𝑡) = 𝜃(𝑡 − 1) + 𝜔 ∆𝑡 

 

 

Where: 

• 𝑋(𝑡) , 𝑌(𝑡) are the robot's 

position at time t 

• θ(t) is the robot's orientation at 

time t 

• Δt is the time step between 

updates

 

Challenges and Considerations 
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1. Wheel Slippage and Calibration: 

Mecanum wheels are susceptible to slippage, especially on uneven or 

slick surfaces. Calibration routines are necessary to ensure accurate 

distance measurements. 

2. Sensor Alignment: 

The AS5600 encoder's orientation must be aligned properly to ensure 

consistent reading and accurate odometry. 

3. Error Accumulation: 

Over time, small errors in angle estimation accumulate, potentially 

causing drift in the robot's position. Techniques like sensor fusion or 

Kalman filtering can be employed to reduce drift and improve long-term 

accuracy. 

2.5.2 Robot Visualization 

Robot visualization is a key element in autonomous robotics, allowing engineers 

to monitor and interact with the robot’s movements and environment in real-time. 

In ROS, RViz is used to visualize sensor data, robot models, and the robot’s 

localization within the environment. It provides 3D visualization that is essential 

for debugging, testing, and fine-tuning control algorithms. 

  

Figure 2.14 TF tree of the robotic wheelchair showing frame relationships in ROS. 
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To create a basic URDF (Unified Robot Description Format) model for an 

autonomous wheelchair, we define the robot’s physical structure using XML 

format. The URDF includes the robot’s links (representing parts like the chassis, 

wheels, and sensors) and joints (representing the connections between these parts). 

For the wheelchair, this would include defining the mecanum wheels, frame, 

sensors, and any articulated joints. By specifying the dimensions, masses, and 

inertial properties of each link, the 

wheelchair’s movement and 

interaction with the environment 

can be simulated accurately. Once 

the URDF is created, it can be 

loaded into RViz for 

visualization, ensuring the robot's 

model is correctly represented for 

navigation and control tasks. The 

URDF also allows seamless 

integration with the ROS 

Navigation Stack for path 

planning and localization tasks. 

 

 

 

2.6 Head Motion Control 

Head motion control offers an intuitive and hands-free method for operating an 

autonomous wheelchair, particularly beneficial for users with limited mobility. By 

using head movements, individuals can control the wheelchair’s direction and 

speed without the need for physical input devices like joysticks or buttons. This is 

achieved by detecting and interpreting head orientation in real time, translating it 

into commands that drive the wheelchair’s mecanum wheels. 

2.6.1 IMU Head Orientation 

In our system, we will be utilizing the MPU6050, an Inertial Measurement Unit 

(IMU) that combines a gyroscope and accelerometer to measure angular velocity 

and acceleration. The MPU6050 is placed in a way that it detects head movements, 

specifically pitch, yaw, and roll angles, which correspond to the head's 

orientation. These movements will be captured in real-time and processed to 

control the wheelchair. 

Kalman Filter for Head Orientation Estimation 

Figure 2.15 Wheelchair URDF Model 
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The MPU6050 provides raw data that is noisy and prone to drift over time, 

especially when measuring small movements like head tilts. To address this, we 

will implement a Kalman filter, which is a recursive mathematical algorithm used 

to estimate the true state of a system by combining noisy sensor measurements with 

predictions based on the system's dynamics. 

The Kalman filter is particularly effective in this scenario because it fuses 

accelerometer and gyroscope data, compensating for each sensor’s weaknesses. The 

accelerometer gives reliable data for estimating the orientation at rest but is less 

effective during motion due to noise. The gyroscope, on the other hand, provides 

accurate angular velocity measurements but suffers from drift over time. The 

Kalman filter combines both sensor readings to provide a more accurate and stable 

estimate of the head orientation. 

Psuedocode: 

# Initialization 

x_est = initial_estimate 

P = initial_covariance 

 

# For each new sensor measurement 

while True: 

# Prediction Step 

x_pred = A * x_est + B * control_input 

P_pred = A * P * A.T + Q  # Q is process noise covariance 

 

# Measurement Update 

y = z - H * x_pred  # z is the new sensor reading 

S = H * P_pred * H.T + R  # R is measurement noise covariance 

K = P_pred * H.T * inv(S)  # Kalman gain 

x_est = x_pred + K * y 

P = (I - K * H) * P_pred  # Updated state estimate and covariance 

 

Controlling the Mecanum Wheelchair 

Head orientation data (yaw, pitch, roll) is mapped to control the Mecanum wheels. 

The wheelchair’s omnidirectional movement allows for control in all directions. 
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• Yaw (rotation around the vertical axis): Controls wheelchair rotation. 

• Pitch (tilt forward/backward): Controls forward/backward speed. 

• Roll (tilt left/right): Controls sideways (strafing) movement. 

The orientation data is processed and translated into movement commands for the 

Mecanum wheels. 

Once the head orientation is estimated using the Kalman filter, it is converted into 

velocity commands for the Mecanum wheels through a control system. This allows 

real-time head motion-based control of the wheelchair’s movement in any 

direction. 

 

Mapping Head Orientation to Mecanum Motion (pseudocode): 

# Convert head orientation to motion control 

yaw, pitch, roll = get_head_orientation()  # from Kalman filter 

 

# Set velocity commands based on orientation 

linear_velocity = calculate_forward_speed(pitch) 

angular_velocity = calculate_turning_speed(yaw) 

sideways_velocity = calculate_strafe_speed(roll) 

 

# Send control commands to Mecanum wheels 

send_velocity_to_mecanum_wheels(linear_velocity, angular_velocity, 

sideways_velocity) 
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4 Test Results and Evaluation 

 

4.1 RGB-D Object Detection 

To enable autonomous navigation and obstacle avoidance, we integrated a depth-

sensing RGB-D camera into the system and successfully tested its real-time 

object detection capabilities in both simulation and real-world environments. 

Using a simulated environment within ROS (Robot Operating System) and RViz, 

we configured the RGB-D camera to: 

• Capture 3D point cloud data from the /camera/depth_registered/points 

topic 

• Convert depth images to 2D laser scan data using the 

depthimage_to_laserscan package 

• Visualize obstacles and scene geometry in RViz for navigation planning 

 

 

  

Figure 1 - Rviz Display of Simulation Object Detection 
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We recreated the same test setup in a physical lab environment using the Kinect 

RGB-D camera. The camera was positioned facing a cluttered desktop scene with 

various obstacles. The same ROS setup and RViz configuration were used to 

capture and visualize: 

• PointCloud2 data showing 3D 

geometry of nearby objects 

• LaserScan output that clearly 

identified flat obstacles in front of the 

camera 

• Accurate depth-based spatial 

mapping, confirming correspondence 

to real-world distances 

• Despite differences in lighting and 

reflectivity, the real-world 

performance closely matched the 

simulation, validating the sensor’s 

effectiveness in practical use.  

 

  

Figure 2 - Real-World Testing Environment 

 

Figure 3 - Rviz Display of Simulation Object 

DetectionFigure 4 - Real-World Testing Environment 

Figure 5 - Rviz Display of Real-World Object Detection 

 

Figure 6 - Real-World Testing EnvironmentFigure 7 - Rviz Display of Real-World Object Detection 
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4.2 Simulation 

 

Our autonomous wheelchair system is to be immensely tested using ROS Gazebo 

before the actual implementation. Simulations, in general, are an intrinsic part in 

the development of robotics, which allow testing of algorithms in a nicely 

controlled and harmless environment. Emulating real-world scenarios in a virtual 

environment, the navigation, obstacle avoidance and sensor integration 

capabilities of our system can be put to test with no constraints of physical testing 

risks. This thereby enhances development efficiency, reduces wear on hardware, 

and allows fast prototyping for different configurations. Gazebo is a very 

powerful robot simulator integrated with ROS, providing high-fidelity physics, 

realistic sensor modeling, and 3D visualization. It enables us to accurately 

simulate the dynamics of the wheelchair, interaction of wheels and sensor 

feedback for accurate motion planning, localization  and SLAM algorithm testing 

under realistic conditions. 

 

 

In order to model our autonomous wheelchair accurately in ROS Gazebo, we will 

perform the conversion from the SolidWorks 3D model to URDF manually-that 

is, actually write the necessary XML code that defines the links and joints of the 

robot, the inertial properties, and the collision boundaries for the physics-based 

interactions in the simulation. A carefully designed URDF will let us merge the 

model with the physics from Gazebo and control systems from ROS, enabling 

the testing of precisely those movements, sensor feedbacks and navigation 

algorithms before the real-world deployment. 
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Then, by incorporating a Kinect camera in our simulation, we have set its 

PointCloud and LaserScan streams as required for a valid environment. 

PointCloud can return a very dense 3D view of the environment, while 

LaserScan, on the other hand, gives us depth information that could help in 

detecting and mapping obstacles. In Gazebo, various virtual obstacles have been 

set to test the wheelchair's perception. This made visualization of the incoming 

sensor data in real time possible with RViz and it showed that the obstacles were 

correctly detected and represented. Furthermore, this setup allowed us to fine-tune 

the sensor parameters and verify that the wheelchair could interpret its 

surroundings for safe navigation. 
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For the assessment of autonomous navigation, a house-like environment was 

created in Gazebo, placing the wheelchair inside it and driving it manually using 

different rooms and corridors while running GMapping, a ROS-based SLAM 

algorithm. 

 While the wheelchair moved, both the Kinect camera's depth sensor and 

LaserScan data captured the surrounding walls, furniture, and obstacles, 

progressively building a 2D occupancy grid map of the environment. It was done 

with odometry, sensor fusion, and real-time pose estimation to provide a more 

accurate localization while creating a detailed layout of the space. Carefully 

navigating through the environment ensured that all areas were effectively 

scanned for any gaps or inconsistencies in the generated map. 
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When the mapping was done, we saved the final map for later autonomous 

navigation. We used RViz to visualize the generated occupancy grid and compare 

it with the actual simulated 

environment for accuracy. The 

saved map was loaded into ROS 

Navigation Stack that allowed the 

wheelchair to plan its path and 

move around autonomously based 

on a pre-mapped layout. It thus 

provided a very important basis 

for the path planning and obstacle 

avoidance such that the wheelchair 

could efficiently move around a 

structured environment with least 

human intervention.  

 

 

Having the mapping process completed, the 

second significant contribution of SLAM is 

localization, where the wheelchair determines its 

correct pose with respect to a saved map. 

Localization is an essential capability that enables 

autonomous navigation, allowing the robot to keep 

track of its movement and make dynamic path 

adjustments. To achieve this, we implement 

AMCL, a probabilistic algorithm that keeps 

making an estimate of the wheelchair pose by 

comparing real-time sensor data against the 

previously built map. With odometry and LaserScan inputs and particle filtering, 

AMCL will be able to allow the wheelchair to refine its position, even with the 

presence of noise and small discrepancies. This process guarantees that the system 

will be able to navigate in an environment by itself, understand where it is, and 

move accordingly. 
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5 Summary and Discussion 

 

Summary of System Requirements 

The development project of an omnidirectional SLAM-based autonomous 

navigation wheelchair has led to the realization of the identified critical system 

requirements. Key specifications for hands-free control, real-time autonomous 

navigation and omnidirectional movement are addressed to achieve an increase in 

users' mobility and independence. The design incorporates high-priority features 

such as localization accuracy of ±5 cm, reliable obstacle detection within 0.2–3 

meters  and emergency stop functionality within 1 second, thus making the 

system reliable, safe, and useable in dynamic environments. Moreover, the design 

supports continuous work with 3–4 hour runtime and high-efficiency power 

management. 
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Reflection on the Design Concept 

The selected design concept was chosen based on a comprehensive analysis of 

customer needs, system functionality, and technical feasibility. The QFD analysis 

emphasized the importance of features like autonomous navigation, motion 

precision and safety systems, which were identified as the core functionalities 

distinguishing this product from others in the marketplace. The Mecanum wheels 

allow for 360° omnidirectional movement, which solves the mobility problems 

in narrow environments, and the hands-free user interface, through voice 

recognition and head movement control, satisfies the requirements of users with 

severe motor impairment. Solutions chosen balance performance, cost  and user 

experience. 

Future Considerations 

In the future, more testing and improvements will be necessary to maximize the 

performance and adaptability of the system. The main areas of work in the future 

will include: 

1. Enhanced Real-Time Navigation: More efficient SLAM algorithms to 

enable effectiveness in highly dynamic environments. 

2. User Customization: Widening the input interface to cover a wider variety 

of voices and head movements, allowing for an enlarged user pool. 

3. Energy Optimization: Integrate cutting-edge battery technologies that will 

be crucial in increasing runtime and minimizing recharge time. 

4. Extensive field testing with end-users to gather the feedback necessary to 

enhance the system's usability and reliability. 

5. Integration of AI: Investigation into machine learning models that provide 

adaptive navigation and obstacle prediction capabilities. 

In summary, this project presents a solid base for a novel assistive mobility 

solution to real-world challenges faced by people with physical impairments. By 

following a user-centric design approach and considering modern technologies, 

this wheelchair has great potential to improve accessibility, independence and the 

quality of life. 
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