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ABSTRACT

This document presents Biruni, a ROS 2-based autonomous mecanum-wheeled mobile
robot designed and evaluated in a high-fidelity Gazebo Fortress simulation environment. The robot
integrates a multi-sensor perception architecture consisting of a 2D LiDAR, an RGB camera, an
Inertial Measurement Unit (IMU), and wheel encoders. A unified Extended Kalman Filter (EKF)
is implemented to fuse inertial and odometry data, generating a stable and drift-minimized state
estimate for real-time navigation. Cartographer SLAM is used to produce consistent 2D occupancy
maps, while the Navigation? (Nav2) framework provides global and local planning, obstacle
avoidance, and autonomous waypoint following. The complete system is structured around a
modular ROS 2 package architecture with a fully validated TF tree, URDF/Xacro robot model,
and synchronized sensor frames. Simulation results demonstrate accurate localization, reliable
mapping, and smooth path execution with omnidirectional control using mecanum kinematics. The
Biruni platform offers a reproducible foundation for education, research, and future deployment on
physical hardware.

Keywords: ROS 2; SLAM; Navigation; EKF; Sensor Fusion; Gazebo Fortress; Autonomous
Mobile Robot; Mecanum Wheels.

TOM TAT

Tai lieu nay glm thiéu Biruni, mot robot tw hanh sir dung banh xe da hwéng dwa trén nén
tang ROS 2, dwoc thiét ké va danh gid trong moi trieong mo phong Gazebo Fortress do trung thuc
cao. Robot tich hop kién tric nhan thirc da cam bién bao gom LiDAR 2D, camera RGB, thiét bj
do qudn tinh (IMU) va encoder gin trén banh xe. B loc Kalman Mo réng (EKF) thong nhdt duwoc
trién khai dé két hop dir liéu qudn tinh va dir liéu do quing dwong, tao ra wdc tinh trang thdi on
dinh va giam thiéu tréi dat cho diéu hwong thoi gian thue. Thudt toan dinh vi va ldp ban do (SLAM)
thoi gian thuce dwoc sir dung dé tao ban do vi tri 2D nhdt qudn, trong khi khung Navigation2 (Nav2)
cung ccfp kha nang lap ké hoach toan cuc va cuc bg, tranh chuwong ngai vat va theo doi diém dung
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tw dong. Toan bo hé théng dwoc cau tric xung quanh kién tric g0i ROS 2 dang mo-dun voi cay TF
dwoce xdc thwe day di, mé hinh robot URDF/Xacro va cdc khung cam bién dwoc dong bé héa. Két
qua mo phong chbmg minh khad néing dinh vi chinh xdc, ldp ban do dang tin cdy va thuc hlen du"ong
di muwot ma véi diéu khién da huéng sir dung déng hoc mecanum. Nén tang Biruni cung cdp mot nén
tang cé thé tdi tao cho gido duc, nghién ciru va trién khai trong twong lai trén phan ciimg vt 1y.

Tw khéa: ROS 2; Dinh viva ldp ban do; Bé loc Kalman; Pa cam bién; Moi truong Gazebo;

Robot ty hanh; Banh xe da huong.
1. INTRODUCTION

The development of autonomous
mobile robots has gained significant attention
in recent years due to their wide range of
applications in logistics, industrial automation,
service robotics, and research environments.
These systems rely on the integration of
mechanical design, perception, and intelligent
software frameworks to achieve autonomy
in dynamic and uncertain environments. A
fundamental capability enabling such autonomy
is Simultaneous Localization and Mapping
(SLAM), which allows a robot to build a map of
an unknown environment while simultaneously
determining its position within it.

Among the various locomotion
mechanisms used in mobile robots, mecanum
wheels offer a unique advantage due to their
omnidirectional movement capability, which
enhances maneuverability in confined or
structured spaces. This type of drive system
is particularly suitable for indoor navigation,
where flexible movement and precise control
are required. However, the integration of
mecanum kinematics with advanced SLAM
algorithms and navigation systems presents
both modeling and control challenges that
require careful design and validation.

With the growing maturity of the
Robot Operating System 2 (ROS 2) and its
associated simulation environments, such

as Gazebo Fortress (Ignition), open-source
robotic development has become a practical
platform for both educational and research
purposes. These frameworks provide modular
tools for robot modeling, sensor simulation,
and algorithm testing within realistic virtual
environments.

This study presents the design,
simulation, and evaluation of “Biruni,” a four-
wheeled mecanum autonomous mobile robot
developed using ROS 2 Humble and Gazebo
Fortress. The robot is equipped with a 2D
LiDAR for planar environment perception, an
Inertial Measurement Unit (IMU) for motion
estimation and stability, and an Intel RealSense
D435 RGB-D camera for visual sensing. The
camera was successfully integrated into the
simulation environment, allowing real-time
image and depth data transmission to ROS
2 topics, although it was not yet utilized for
autonomous decision-making. The primary
SLAM framework used is Google Cartographer,
which enables real-time map construction and
localization. After the mapping phase, the Nav2
stack is implemented to achieve autonomous
navigation and obstacle avoidance within the
mapped environment.

The main objective of this work is to
demonstrate the feasibility of integrating a
mecanum drive system with modern ROS
2 SLAM and navigation frameworks using

open-source tools. The proposed system’s <~
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performance is validated in a simulated
environment, highlighting its capability to
perform accurate mapping, localization, and
path-planning tasks while maintaining smooth
omnidirectional movement.

2. RELATED WORK

Autonomous mobile robots have
been the focus of extensive research over the
past two decades, particularly in the fields
of localization, mapping, and navigation.
Numerous open-source and commercial
platforms have contributed to the development
of robotic systems capable of performing
complex tasks in structured and unstructured
environments.

Early works such as the TurtleBot and
Husky platforms have been widely adopted for
research and education due to their modularity
and integration with the Robot Operating
System (ROS). These platforms have served
as foundational tools for developing and
validating SLAM and navigation algorithms in
both simulated and real-world environments.
However, most of these platforms employ
differential or skid-steer drive mechanisms,
which limit their maneuverability compared to
omnidirectional systems.

Mecanum-wheel robots have attracted
growing attention because of their ability
to perform omnidirectional motion without
changing orientation, which is advantageous
in constrained spaces such as warehouses or
indoor facilities. Studies such as those by [1]
and [2] have explored kinematic modeling
and control algorithms for mecanum-driven
robots, demonstrating their potential for agile
navigation and precise positioning. However,
integrating mecanum motion control with
robust SLAM and navigation frameworks

remains a challenging task, particularly due to
wheel slippage and odometry inaccuracies.

Recent advancements in the ROS 2
ecosystem have enabled more scalable and
modular approaches to robotic system design.
Research by [3] and [4] has demonstrated
the effectiveness of ROS 2 middleware in
supporting real-time communication and
distributed control for autonomous systems.
Furthermore, Google Cartographer has
become one of the most reliable 2D SLAM
algorithms in open-source robotics due to its
real-time performance and multi-sensor fusion
capabilities, as discussed in [5].

Several simulation-based studies have
also utilized Gazebo or Ignition (Gazebo
Fortress) environments for developing and
testing autonomous robots prior to physical
implementation. These environments provide
physics-based simulation, sensor emulation,
and ROS integration, enabling researchers to
validate mapping and navigation algorithms
efficiently. However, few studies have
specifically focused on combining mecanum
kinematics, Cartographer SLAM, and Nav2
navigation within ROS 2, particularly using
open-source models designed from scratch.

This study contributes to this research
area by presenting the design and simulation
of an autonomous mecanum-wheeled robot
— Biruni — built entirely using open-source
tools and ROS 2 Humble. The robot integrates
LiDAR, IMU, and RGB-D camera sensors to
achieve mapping, localization, and navigation
using Cartographer and Nav2 frameworks. The
work aims to bridge the gap between theoretical
research and practical implementation of
omnidirectional SLAM-capable robots in
modern robotic ecosystems.
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3. SYSTEM ARCHITECTURE AND
IMPLEMENTATION

The Biruni autonomous mobile robot
was developed using a modular architecture
based on ROS 2 Humble [6] and simulated
using Gazebo Fortress (Ignition) [7]. The
system is organized into three primary
packages: biruni_description, biruni_gazebo,
and biruni_navigation, each corresponding to
a specific functional layer within the robot’s
software stack.

a. Robot Description and Simulation

The biruni_description package defines
the robot’s complete structural and kinematic
model using URDF/Xacro. The main file,
robot 3d.urdf.xacro, specifies a four-wheeled
mecanum configuration equipped with an
IMU and an Intel RealSense D435 RGB-D
camera [8]. All mechanical, inertial, and sensor
elements needed for accurate simulation are
included.

The biruni_gazebo package provides
the simulation environment and plugins
required for Gazebo Fortress [7]. It includes
world files, sensor configurations, and the
biruni_fusion.launch.py script, which spawns
the robot and initializes all necessary ROS-
Gazebo bridges. Through the ros gz image
bridge [9], the RealSense D435 produced
synchronized RGB, depth, and infrared image
streams; although this data was not yet used for
navigation decisions, its complete integration
validated sensor functionality within the
simulated environment.

b. SLAM, Localization, and Navigation

The biruni_navigation package
contains all components required for mapping,

localization, and autonomous navigation. It is
organized into three major subsystems:

Mapping: The mapping.launch.py file
launches the Cartographer SLAM framework
[10], which constructsa2D occupancy gridusing
LiDAR data. A dedicated RViz configuration
is included for real-time visualization of scan
matching and map generation.

Localization: The localization.launch.
py script initializes the Adaptive Monte Carlo
Localization (AMCL) algorithm [11] to
estimate the robot’s pose on the pre-generated
map. All required parameter files and an RViz
configuration are automatically loaded.

Navigation: The navigation.launch.
py file integrates the Nav2 framework [12],
enabling global and local path planning, costmap
generation, recovery behaviors, and dynamic
obstacle avoidance. A unified navigation
parameter file defines the configuration of the
global planner, local planner, controller server,
and behavior tree nodes. RViz is launched
alongside Nav2 for visual feedback.

All three subsystems rely on an
Extended Kalman Filter (EKF) implementation
provided by the robot localization package
[13], which fuses wheel odometry, IMU data,
and LiDAR-derived pose estimates to improve
state estimation accuracy.

The operational workflow follows four
stages:

1. Spawn simulation: biruni_fusion.
launch.py initializes the robot and environment

in Gazebo Fortress.

2. Mapping: mapping.launch.py constructs

the global 2D occupancy map using Cartographer. <~
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3. Localization: localization.launch.py
validates pose estimation using AMCL.

4. Navigation:  navigation.launch.
py activates the Nav2 stack for autonomous
motion and obstacle avoidance.

Through this architecture, Biruni
achieved stable mapping performance and
consistent autonomous navigation in complex
simulated environments, successfully detecting
and avoiding obstacles while following planned
trajectories.

4. RESULTS AND DISCUSSION

This section presents the outcomes
of the Biruni robot’s mapping, localization,
and autonomous navigation tests conducted
entirely in a single simulated playground-style
environment. The world included open spaces
and simple structures such as slides and fixed
obstacles, making it suitable for evaluating
basic SLAM and navigation behaviors
without the complexity of crowded or narrow
environments.

Figures 1 and 2 provide an overview
of the simulation environment and the Biruni
robot model, including the sensors used for
mapping and navigation.

Figure 1. The world and robot spawn in Gazebo

Figure 2. Clear robot model with all sensors

a. Mapping Performance

Mapping was performed in the
playground environment using the Cartographer
SLAM framework [10]. Two independent
mapping sessions were executed following
similar exploration paths. The resulting
occupancy grids showed:

* Accurate reconstruction of the
playground layout, with clear representation of
structural boundaries and static elements.

+ Stable LiDAR scan alignment,
resulting in clean wall outlines with no
significant drift.

* High repeatability between the two
sessions, with only minor variations due to
differences in the robot’s driving trajectory.

Figures 3 and 4 illustrate the mapping
process and the resulting occupancy grid
as visualized in RViz. Listing 1 shows the
automatically generated YAML configuration
file corresponding to the map, which is used
by the ROS 2 map_ server node to load the
occupancy grid.

ISSN 2615 - 9910 (ban in), ISSN 2815 - 5505 (online)
<8 TAP CHI CO KHI VIET NAM, Sé 337+338, thang 1+2 nim 2026

cokhivietnam.vn



NGHIEN CUU - TRAO DBOI

Figure 3. Partial map generated during the
Cartographer mapping process

Figure 4. Final occupancy grid of the playground
environment

Listing 1. Map YAML configuration used in
Gazebo for the playground world.

Cartographer successfully generated a
consistent and accurate map of the playground,
producing an occupancy grid suitable for both
localization and navigation. No loop closure
events occurred, and the SLAM performance
matched expectations for this world.

b. Localization Accuracy
Localization was evaluated using

AMCL [11] on the previously generated map.
In this environment:

» The robot achieved fast and reliable
initial localization, typically converging within
a few seconds.

* Pose estimation remained stable
during navigation, as the environment provided
sufficient geometric cues for consistent particle
distribution.

* Only minor fluctuations occurred
during rapid rotations, which is expected when
relying on LiDAR-only observations.

Figures 5-7 illustrate the localization
process: Figure 5 shows the robot in RViz on
the map before the estimated pose was set;
Figure 6 shows the robot immediately after
setting the estimated pose, with the particle
arrows displayed around it; and Figure 7 shows
the robot with the particle arrows and obstacles
highlighted with a purple aura, representing
obstacle detection.

Figure 6. Robot after setting the estimated pose,
with particle arrows displayed
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Figure 7. Robot with particle arrows and obstacles
highlighted with a purple aura

AMCL performed robustly and
maintained a consistent estimate of the robot’s
pose throughout all test runs.

c. Navigation Performance

Autonomous navigation was performed
using the Nav2 framework [12], with goals
placed at different locations within the
playground. Navigation tests demonstrated:

Successful path planning on the
generated map, with smooth global paths.

Accurate trajectory following,
supported by the mecanum drive’s ability to
perform lateral and diagonal adjustments.

Stable movement behavior, with no
erratic oscillations or path divergence during
standard motion.

Figures 8-12 illustrate the robot’s
movement in RViz while navigating in Gazebo,
from the start position until reaching the final
goals.
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Figure 9. Robot moving along the planned path
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Figure 11. Robot approaching the goal

ISSN 2615 - 9910 (ban in), ISSN 2815 - 5505 (online)
<k?8 TAP CHI CO KHI VIET NAM, Sé 337+338, thang 1+2 nim 2026

cokhivietnam.vn



NGHIEN CUU - TRAO DBOI

Figure 12. Robot at the final goal position

Overall, the robot navigated reliably
and smoothly throughout all
demonstrating robust path following and stable
control under the Nav2 framework.

test runs,

d. Obstacle Interaction

Obstacle avoidance was evaluated using
the fixed structures present in the playground
world. Results showed:

* Consistent detection of playground
equipment using the 2D LiDAR.

* Correct inflation of obstacles on the
local costmap.

* Smooth avoidance maneuvers, even
though the environment lacked challenging
obstacle distributions.

Dynamic obstacle testing was not
performed. However, the Intel RealSense D435
RGB-D camera was successfully integrated,
and ROS 2 correctly published image data
from all sensors. Figure 13 shows the RGB-D
image stream as visualized in RViz, confirming
proper sensor operation and image transfer
during navigation.

M—
"‘ﬂ

Figure 13. RGB-D camera image from the Intel
RealSense D435 visualized in RViz

Overall, the system reliably detected
and avoided static obstacles, ensuring safe
navigation within the playground.

e. System Integration Stability

Across all launch sequences (SLAM,
localization, and navigation), the system
demonstrated:

 Stable multi-node execution, with no
crashes or communication failures.

* Reliable sensor fusion using the EKF
[13].

* Predictable behavior during repeated
sessions, confirming the correctness of the
launch and configuration structure.

To verify that the EKF was correctly
fusing odometry, IMU, and LiDAR inputs, the
TF tree was inspected during operation. Figure
14 illustrates the full transform structure,
confirming continuous publication of the map —
odom — base_link chain and proper alignment
of all sensor frames, ensuring consistent and
stable state estimation throughout the system.

The TF tree in the Biruni robot is
composed of the following main links:
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Figure 14 shows TF tree of the Biruni
robot during operation, showing correct
connectivity of all sensor frames and the EKF-
generated transforms.

Figure 14. TF tree graph during operation

The modularity of the ROS 2
architecture allowed each phase — mapping,
localization, and navigation — to be executed
independently or in sequence, improving the
clarity, repeatability, and reliability of the
testing process.

5. CONCLUSION

This work presented the development
and evaluation of Biruni, a four-wheeled
mecanum  autonomous  mobile  robot
implemented in ROS 2 Humble and simulated
in Gazebo Fortress. The system was built
entirely using open-source tools, including a
custom URDF/Xacro description, a structured
simulation workflow, and a complete navigation
pipeline integrating SLAM, localization, sensor
fusion, and autonomous navigation.

Testing was performed in a playground-

style simulation environment. Cartographer
SLAM successfully produced a stable 2D
occupancy grid suitable for downstream tasks,
while AMCL provided reliable localization
across multiple trials. Using the Nav2 framework,
the robot achieved consistent goal-directed
navigation and robust obstacle avoidance relying
solely on 2D LiDAR data. The Intel RealSense
D435 RGB-D camera was fully integrated at the
sensing level, although its information was not
yet incorporated into navigation.

Overall, the system demonstrated
a robust and modular architecture capable
of performing all fundamental behaviors
required of an autonomous mobile robot.
Even within a simple environment, Biruni
achieved stable mapping, accurate localization,
and reliable navigation, validating both the
robot model and the ROS 2-based software
stack. This work represents a complete end-
to-end implementation and establishes a solid
foundation for future extensions, including
operation in more complex environments,
integration of RGB-D perception, and
deployment on physical hardware.

6. FUTURE WORK

Several extensions are planned to
further enhance the capabilities of Biruni and
support the transition from simulation to real-
world deployment:

Integration of RGB-D Perception:
Future versions will incorporate depth
information from the Intel RealSense D435 into
obstacle detection, local planning, and scene
understanding. This includes experimenting
with voxel-based costmaps, layered obstacle
representations, and depth-assisted localization.

Operation in Complex and Dynamic
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Environments: Testing will be expanded
beyond the simple playground world to include
larger indoor layouts, cluttered environments,
and dynamic obstacles. These scenarios will
allow evaluation of loop closure performance,
global planning robustness, and navigation
stability under more challenging conditions.

Real-World Hardware Deployment:
The entire software stack will be deployed
on a physical Biruni robot, including sensor
calibration, mecanum wheel tuning, and
validation of odometry accuracy. Special
attention will be given to SLAM performance
and localization drift under real sensor noise.

Advanced Localization and Mapping:
Future work will explore multi-sensor fusion
methods such as LiDAR-IMU SLAM, visual
SLAM, and multi-modal EKF configurations
to improve robustness in sparse-feature or
dynamic environments.

Improved Autonomy and Higher-Level
Behaviors: Additional autonomous capabilities
-such as multi-goal navigation, autonomous
exploration, and behavior-tree-based decision-
making- will be investigated to enable more
advanced robot behaviors.

Performance Optimization and
Codebase Refinement: Further optimization
of the robot model, launch configuration, and
parameter tuning will be carried out to improve
computational efficiency, simulation stability,
and reproducibility across different ROS 2
systems. %
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