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Abstract - The growing demand for flexible, safe, and cost-effective material 
handling systems has accelerated the adoption of intelligent automation 
technologies in modern manufacturing environments. Conventional conveyor-
based and manual transport systems often lack adaptability and require 
significant infrastructure modification when production layouts change. This 
study presents the development and experimental evaluation of a low-cost Robot 
Operating System 2 (ROS2) enabled autonomous carrier robot designed for 
structured factory automation applications. The proposed system integrates a 
Raspberry Pi 4 and distributed ESP32 microcontrollers with ultrasonic, infrared, 
and Radio-Frequency Identification (RFID) sensors to support line-following 
navigation, obstacle avoidance, platform identification, and real-time inter-robot 
communication. A hybrid communication framework combining ROS2 and 
Message Queuing Telemetry Transport (MQTT) publish–subscribe architecture 
was implemented to enable coordinated task execution between multiple carrier 
robots and a central control node. Experimental evaluations were conducted in a 
controlled indoor factory-like environment to assess navigation performance, 
obstacle avoidance reliability, RFID detection accuracy, and communication 
latency under various operating conditions. The results showed that the 
optimized navigation configuration achieved a 90% success rate during repeated 
trials, while the reverse-and-forward obstacle avoidance strategy demonstrated 
100% reliability under structured path conditions. In addition, the proposed 
system achieved stable RFID-based platform recognition and effective multi-
carrier coordination with low communication latency. These findings 
demonstrate that the proposed autonomous carrier robot provides a practical and 
affordable solution for structured factory transport applications, particularly for 
small and medium-sized manufacturing facilities. The modular ROS2-MQTT 
architecture also supports future expansion toward more advanced Industry 4.0-
enabled factory automation systems. 
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1. Introduction 
The development of Industry 4.0 has accelerated the adoption of intelligent and connected automation systems in modern 
manufacturing environments [1], [2], [3]. In many production facilities, material handling remains one of the essential 
operations required to maintain continuous manufacturing flow, reduce manpower dependency, and improve operational 
efficiency. Conventional transportation systems, such as fixed conveyors and manual handling methods, are still widely 
used in industry. However, these systems often face limitations in terms of flexibility, layout modification, and 
adaptability to changing production requirements [4], [5], [6]. As manufacturing environments become more dynamic 
and reconfigurable, there is an increasing need for transport systems that can operate autonomously while remaining 
affordable and easy to implement. Autonomous mobile systems, including Automated Guided Vehicles (AGVs) and 
Autonomous Mobile Robots (AMRs), have become increasingly popular for factory transportation and intralogistics 
applications [7], [8], [9]. These systems are capable of navigating production areas, avoiding obstacles, and performing 
delivery tasks with minimal human intervention through the integration of embedded controllers, sensors, and wireless 
communication technologies [10], [11], [12]. Despite their advantages, many commercial AMR platforms rely on 
expensive sensing technologies such as LiDAR, high-performance computing hardware, and proprietary software 
ecosystems. These requirements can significantly increase implementation cost and complexity, particularly for small 
and medium-sized manufacturing facilities. 

At the same time, recent developments in Robot Operating System 2 (ROS2) have provided a more flexible framework 
for developing distributed robotic systems with modular communication and scalable architecture [13], [14], [15]. ROS2 
has been increasingly adopted in industrial robotic applications due to its support for real-time communication, 
interoperability, and multi-node coordination [16], [17], [18]. Combined with low-cost embedded hardware such as 
Raspberry Pi and ESP32 microcontrollers, ROS2 offers the possibility of developing practical autonomous carrier systems 



A. A. Hadi et al. │ Intelligent Systems and Sustainable Energy │ Volume 1, Issue 1 (2026) 

journal.ump.edu.my/isse 
 48 

at a lower implementation cost [19], [20]. In structured factory environments where transport routes are predefined, 
infrared-based line-following navigation remains a practical solution due to its simplicity, low computational requirement, 
low-cost implementation and ease of deployment. Compared to LiDAR-based SLAM systems, line-following navigation 
can be implemented using lightweight processing hardware while still maintaining stable operation in controlled 
environments. In this study, ROS2 is primarily used to support communication, task coordination, and multi-carrier 
synchronization rather than full autonomous mapping. MQTT communication is integrated to provide lightweight 
wireless data exchange between the robots and the central control system [21], [22]. 

The proposed system adopts a distributed architecture consisting of a Raspberry Pi 4 and dual ESP32 microcontrollers. 
The distributed processing approach separates navigation and RFID-based identification tasks to improve responsiveness 
during simultaneous sensing and communication operations. Ultrasonic sensors are used for short-range obstacle 
detection, while RFID technology is employed for station recognition and task verification during transport operations. 
Although ROS2-based robotic systems have been widely studied, experimental studies focusing on low-cost autonomous 
carrier robots for structured factory automation environments remain limited. In particular, there is still a lack of practical 
implementation studies involving low-cost communication architecture, multi-carrier coordination, navigation reliability, 
and RFID-assisted platform identification under controlled factory operating conditions. Therefore, this study presents 
the development and experimental evaluation of a low-cost ROS2-enabled autonomous carrier robot intended for 
structured factory automation applications. The objectives of this study are to; (i) design and develop a modular 
autonomous carrier robot using low-cost embedded hardware and distributed communication architecture; (ii) implement 
line-following navigation, obstacle avoidance, RFID-based platform identification, and multi-carrier coordination using 
ROS2 and MQTT communication frameworks; and (iii) experimentally evaluate the system performance in terms of 
navigation reliability, obstacle avoidance effectiveness, RFID detection accuracy, and communication latency under 
structured operating conditions. 

2. Materials and Methods 

2.1. System Architecture and Hardware Configuration 
The proposed Autonomous Carrier Robot utilizes a hierarchical distributed hardware architecture designed to support 
scalability and modular integration within factory environments. As illustrated in Figure 1, the system consists of a Main 
Robot Carrier and two autonomous sub-carrier robots, designated as Robot Bravo and Robot Tango. 

2.1.1. Main Robot Carrier (Central Coordination Node) 
The Main Robot Carrier serves as the primary coordination hub, powered by a Raspberry Pi 4 running ROS2 Humble. 
This unit executes high-level task management and global coordination logic through a Publish/Subscribe node. It 
includes a Station Selector Switch for manual mission input. Locally, an ESP32 microcontroller handles the carrier's 
physical operations, managing a Load Cell for weight monitoring and an L298N motor driver to control dual DC motors 
for propulsion. 

2.1.2. Robot Bravo and Tango (Peripheral Units) 
To ensure modularity and prevent processing bottlenecks, the peripheral robots utilize a dual-ESP32 configuration: 
ESP32 Module A (Navigation & Actuation) – This module manages real-time environmental interaction. It interfaces with 
an L298N motor driver for primary movement, a servo motor for auxiliary actuation, and a sensor suite comprising 
ultrasonic sensors for obstacle detection and infrared (IR) sensors for path tracking. 
ESP32 Module B (Identification) – This secondary module is dedicated to platform recognition, interfacing directly with 
an MFRC522 RFID reader.  

2.1.3. Integrated Communication Hierarchy 
A critical feature of this architecture is the communication layer. While the Raspberry Pi acts as the central coordinator, 
the sub-carrier robots (Bravo and Tango) communicate directly with the Main Robot Carrier and with each other using 
the MQTT protocol over Wi-Fi. This peer-to-peer and client-broker interaction allows for real-time coordination; for 
example, if one sub-carrier completes a task at a shared platform, it publishes a status update that the other sub-carrier 
receives immediately to prevent redundant actions. This ensures a synchronized, multi-agent response across the entire 
factory layout. 
The distributed processing approach allows the system to maintain stable sensor polling and motor control while the 
Raspberry Pi manages ROS2 communication and global task coordination. In addition, the use of lightweight embedded 
controllers contributes to lower implementation cost and simplified deployment in structured factory environments. 
Although this work primarily focuses on functional validation and communication performance, future work will include 
detailed power consumption analysis, electromagnetic interference evaluation, and long-term communication reliability 
testing under industrial operating conditions. A summary of the main hardware components used in the system is provided 
in Table 1. 
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2.2. Software Framework and Communication Architecture 
The system’s operational intelligence is built upon the Robot Operating System 2 (ROS2), utilizing the Humble Hawksbill 
distribution to provide a robust, distributed publish–subscribe framework. The software architecture is designed to bridge 
high-level robotic orchestration with low-level embedded execution through a multi-tier communication strategy. 

2.2.1. ROS2 Node Implementation 
Centralized logic is managed by the Raspberry Pi 4, which hosts the primary ROS2 nodes responsible for task allocation, 
platform selection, and comprehensive data logging. These nodes process input from the Station Selector Switch and 
maintain the global state of the environment. On the embedded side, the ESP32 modules function as micro-nodes that 
handle local telemetry and hardware interrupts. 

2.2.2. MQTT-Based Inter-Robot Communication 
To facilitate seamless data exchange between the Main Robot Carrier and the sub-carriers (Bravo and Tango), the MQTT 
protocol is employed as a lightweight messaging layer over Wi-Fi. MQTT was selected due to its lightweight 
communication overhead and suitability for real-time wireless data exchange between distributed embedded devices. In 
this study, MQTT QoS Level 1 was implemented to improve message delivery reliability while maintaining low 
communication latency during task coordination. ROS2 handled the higher-level node orchestration, task management, 
and data processing on the Raspberry Pi, whereas MQTT was primarily used for communication between the carrier 
robots and the central coordination node over the Wi-Fi network. This allows for a flexible communication hierarchy: 
Vertical Communication – The Raspberry Pi publishes mission commands to specific MQTT topics (e.g., 
/carrier/bravo/task), which the sub-carriers subscribe to for execution. 
Horizontal (Peer-to-Peer) Coordination – Sub-carriers Bravo and Tango monitor shared status topics. For instance, 
during a shared platform operation, if Robot Bravo reaches the destination first, it publishes a completion signal. Robot 
Tango, subscribing to the same topic, receives this acknowledgment directly and terminates its redundant task execution 
to prevent collisions and save energy. 

 

Figure 1. System Block Diagram 

Table 1. Main hardware components of the smart product carrier 

Component Model / Type Function 

Central controller Raspberry Pi Task coordination, ROS2 node execution 

Microcontroller ESP32 Sensor processing, motor control, communication 

Ultrasonic sensor HC-SR04 Obstacle detection 

Infrared sensor Line sensor array Path tracking 

RFID module MFRC522 Platform identification 

Communication Wi-Fi (MQTT) Data exchange between nodes 
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2.2.3. Data Flow and Synchronization 
The integration of ROS2 and MQTT ensures real-time coordination across the fleet. Each smart carrier publishes status 
updates, including platform recognition from the RFID module and obstacle alerts, ensuring that the central control unit 
and other carriers maintain a synchronized view of the factory floor. This architecture avoids the pitfalls of proprietary 
industrial platforms by providing a modular, vendor-independent communication backbone. It also terminates its 
redundant task execution to prevent collisions and save energy. 

2.3. Navigation and Obstacle Avoidance Strategy 
The navigation and safety logic of the Smart Product Carrier is decentralized to ensure high-speed processing and 
reliability. Navigation is primarily achieved through an infrared-based line-following approach, which was selected for 
its robustness in structured factory layouts. 

2.3.1. Navigation Logic (ESP32 Module A) 
ESP32 Module A acts as the primary execution node for movement. It continuously polls the infrared (IR) sensor array 
to maintain path alignment. The module processes these inputs to adjust the PWM signals sent to the L298N motor driver, 
ensuring the carrier follows the designated track with stability. During the experimental phase, two track widths (1.8 cm 
and 3.6 cm) were evaluated to determine the optimal balance between spatial constraints and navigation accuracy. 

2.3.2. Obstacle Detection and Avoidance (ESP32 Module A) 
The obstacle avoidance system is integrated directly into ESP32 Module A to minimize latency between detection and 
motor response. Ultrasonic sensors mounted at the front of the chassis continuously monitor the path for obstructions 
within a predefined distance threshold. The Module A circuit diagram is shown in Figure 2 below. 

 

Figure 2. Module A diagram 

Two distinct strategies were implemented and evaluated: 
Navigate-Around Approach – The system attempts to steer around the obstacle.  
Reverse-and-Forward Approach – Upon detection, the carrier reverses a short distance and moves forward once the path 
is cleared.  

2.3.3. Identification-Linked Navigation (ESP32 Module B) 
While Module A handles the physical movement, as shown in Figure 3 ESP32 Module B manages platform recognition 
using the MFRC522 RFID reader. When a sub-carrier reaches a station, Module B identifies the platform ID and 
communicates this status to the Raspberry Pi and other carriers via MQTT. This allows the navigation node in Module A 
to pause or resume movement based on higher-level task acknowledgments from the central control unit. 

2.4. Experimental Setup and Evaluation Procedure 
Experimental evaluations were conducted in a controlled indoor laboratory environment designed to emulate a structured 
factory transport layout. The test track consisted of straight and corner segments arranged in a closed-loop configuration. 
Two track widths, 1.8 cm and 3.6 cm, were evaluated to examine the effects of spatial constraints on navigation stability 
and alignment accuracy.  

Ultrasonic sensors were mounted at the front of each smart product carrier to detect obstacles located within a 
predefined distance threshold, while infrared sensors positioned beneath the chassis supported line-following navigation. 
All experiments were performed using fixed speed settings to ensure consistent operating conditions across trials. 
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Two smart product carriers, designated as Bravo and Tango, were deployed during the evaluation. Each carrier was 
assigned specific delivery platforms, with one centrally located platform configured as a shared destination to assess 
multi-carrier coordination. For each experimental scenario, including navigation performance, obstacle avoidance, and 
communication reliability, tests were repeated ten times under identical conditions. A successful trial was defined as 
completion of the assigned task without loss of alignment, collision, or communication failure.  

Table 2 summarises the key experimental parameters used during system evaluation. These parameters define the 
physical test environment, navigation configuration, sensing method, and trial conditions applied consistently across all 
experiments. The selected track configurations and sensing thresholds were maintained throughout the evaluation to 
ensure repeatability and fair comparison between different navigation and obstacle avoidance strategies. By standardising 
these parameters, the experimental results reflect the inherent performance characteristics of the proposed system rather 
than variations in test conditions. 

 

Figure 3. Module B diagram 

Table 2. Experimental parameters used for system evaluation 

Parameter Value 
Track configuration Closed-loop with straight and corner segments 
Track widths 1.8 cm, 3.6 cm 
Obstacle detection method Ultrasonic sensing 
Obstacle detection threshold Fixed distance (short-range) 
Navigation method Infrared-based line following 
Number of smart carriers 2 (Bravo, Tango) 
Number of trials per scenario 10 
Test environment Indoor, controlled laboratory setup 

2.5. Operational Workflow and Task Arbitration 
The operational logic of the multi-carrier system follows a structured sequence managed by the interaction between the 
Raspberry Pi and the distributed ESP32 modules, as illustrated in the Operation Flowchart shown in Figure 4. The process 
begins with the initialization of the MQTT and Database nodes. Upon placing a product on the smart carrier, the Station 
Selector Switch (Platform Buttons 1–5) is used to trigger specific delivery missions. 

2.5.1. Mission Assignment and Navigation 
Platform Targeting – Missions for Platforms 1 and 2 are assigned to Robot Bravo, while Platforms 3 and 4 are assigned 
to Robot Tango. Platform 5 is configured as a shared destination to evaluate concurrent coordination. 
Autonomous Execution – Once a button is pressed, the respective robot initiates movement using the infrared-based line-
following logic managed by ESP32 Module A. 
Dynamic Obstacle Handling – During transit, the system continuously polls the ultrasonic sensors. If an obstacle is 
detected, the carrier executes the programmed avoidance routine—prioritizing the reverse-and-forward strategy for 
maintained alignment. 

2.5.2. Arrival Verification and Coordination 
Identification – Upon reaching the destination, ESP32 Module B utilizes the MFRC522 RFID reader to scan the platform. 
Data Logging – The scanned identity is validated and stored in the central database via an MQTT publish message. 
Task Termination – For shared destinations like Platform 5, the flowchart illustrates an arbitration loop where the arrival 
of one robot (e.g., Bravo) is communicated to the other (Tango) via the MQTT broker. This allows the second robot to 
recognize task completion, terminate its move command, and remain at its current location to prevent redundant 
operations. 

The process concludes with a system-wide “Stop” command triggered via the MQTT node, ensuring all carriers return 
to an idle state or a designated home station. 
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3. Results and Discussion 

3.1. Hardware Prototyping and Assembly 
The physical realization of the Smart Product Carrier involved a modular assembly process that translated the system 
architecture into a functional prototype. This phase focused on integrating locomotion, sensing, and user-input modules 
into a unified chassis. 

3.1.1. Chassis Layout and Component Integration 
The carrier is built upon a dual-layer circular chassis designed for high manoeuvrability within structured environments. 
As detailed in the Component Arrangement in Figure 5 and 3D Design in Figure 6, the internal hardware is strategically 
partitioned: 
Locomotion & Identification – The base layer contains the MFRC522 RFID sensor for station verification and dual DC 
motors driven by an L298N motor driver. 
Navigation & Logic – The top layer houses the ESP32 microcontroller on a mini-breadboard, interfacing with a front-
mounted ultrasonic sensor for obstacle detection and a downward-facing IR sensor array for line-following. 
Stability – A front caster wheel ensures a consistent 5 mm clearance between the sensors and the track surface, maintaining 
optimal signal sensitivity during operation. 

 

Figure 4. Operation flow chart 
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3.1.2. Control Interface Prototyping 
The Main Robot Carrier prototype features an integrated physical interface for manual task dispatching. 
Station Selector – As shown in Figure 7, a row of five color-coded buttons (different colour type) connected to main robot 
carrier Raspberry Pi allows for immediate destination selection. 
Operational Controls – These are complemented by dedicated Start and Stop buttons, providing a tactile fail-safe and 
manual override directly on the carrier's console. 

 

Figure 5. Components arrangement 

 

Figure 6. 3D Design of smart product carrier prototype 

   

Figure 7. Main Robot Carrier architecture integrating Raspberry Pi 4, ESP32 controller, load cell module, motor driver, 
and ROS2-MQTT communication framework 

3.2. Navigation Performance Evaluation 
Navigation performance was evaluated based on the success rate of straight and corner movements under different track 
widths. The track setup for testing is shown in Figure 8 below.  
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The experimental results in Table 3 show that straight-path navigation achieved success rates of up to 90% under 
optimized conditions, while corner navigation performance improved significantly with increased track width. These 
findings highlight the importance of balancing spatial efficiency and navigation robustness when designing autonomous 
transport paths in factory environments. 

Table 3. Navigation success rate under different track widths 

Movement type Track width (cm) Successful trials Success rate (%) 
Straight path 1.8 8 out of 10 80 
Straight path 3.6 10 out of 10 100 
Corner path 1.8 6 out of 10 60 
Corner path 3.6 8 out of 10 80 

3.2.1. Obstacle Avoidance Performance 
Two obstacle avoidance strategies were experimentally evaluated as shown in Table 4. The navigate-around approach 
exhibited a lower success rate due to alignment loss during re-entry onto the designated path, making it less suitable for 
structured factory tracks. Conversely, the reverse-and-forward strategy demonstrated consistent and reliable performance 
across all trials.  

The obstacle avoidance experiments were conducted under controlled laboratory conditions using static obstacles 
positioned along the predefined navigation path. The evaluation was primarily intended to assess the consistency of the 
proposed avoidance strategies under repeatable operating conditions. Testing involving moving obstacles, reflective 
industrial surfaces, and more complex dynamic factory environments was not included in the present study and will be 
considered in future work. 

This method achieved a 100% success rate during testing, as it preserved path alignment and minimized cumulative 
navigation errors. These results indicate that simpler corrective manoeuvres may outperform more complex avoidance 
strategies when reliability and safety are prioritized in structured industrial environments. 

Table 4. Obstacle avoidance success rate 

Obstacle avoidance strategy Successful trials Success rate (%) 
Navigate-around approach 5 out of 10 50 
Reverse–forward approach 10 out of 10 100 

3.3. Analysis of RFID Detection Reliability and Track Geometry 
The reliability of station identification is dependent on the precise alignment between the MFRC522 RFID sensor and the 
floor-mounted tags. Experimental trials were conducted to determine the optimal track geometry that ensures a successful 
handshake between the moving carrier and the station markers. 

 

Figure 8. Testing track with different line sizes 
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3.3.1. Impact of Line Spacing on Detection Success 
As detailed in Table 5, the distance between the lines flanking the RFID tag significantly influences the completion rate 
of the identification process. 
Narrow Spacing (9 cm) – Achieved a 0% success rate, as the tight geometry caused the robot to prioritize path correction 
over the sustained dwell time required for an RFID read. 
Optimal Spacing (11 cm) – Demonstrated a 100% success rate. At this distance, the sensor alignment with the tag was 
maximized, providing a stable window for data transmission between the carrier and the central database. 
Wide Spacing (12 cm) – Success dropped to 60%, as the increased distance allowed for excessive lateral “wandering” 
within the lines, often moving the RFID sensor out of the tag’s induction field. 

The data confirms that the Smart Product Carrier requires a specific “Detection Zone” width to maintain 100% 
reliability. The 11 cm spacing provides the ideal balance: it is narrow enough to keep the robot centred over the tag but 
wide enough to prevent the high-frequency micro-adjustments of the line-following algorithm from interrupting the RFID 
signal. 

Table 5. RFID detection movement evaluation 

Distance between lines (cm) Number of trials Completed scans Successful rate (%) 
9 10 0 0 

10 10 4 40 
11 10 10 100 
12 10 6 60 

3.4. Communication Latency and Control Response 
To evaluate the real-time performance of the ROS2-enabled Smart Product Carrier, a latency analysis was conducted 
across the three primary communication layers: local hardware interrupts, MQTT message brokering, and peer-to-peer 
synchronization. As a system designed for factory automation, the delay between a high-level command and a low-level 
physical response must remain within a threshold that ensures operational safety and alignment stability. The summary 
of the experimental results is shown in Table 6. 

3.4.1. Command-to-Actuation Latency 
The latency from the physical press of a station button on the Main Robot Carrier to the initialization of the DC motors 
on Robot Bravo or Tango was measured. This path involves the Raspberry Pi 4 processing the input, publishing a ROS2 
message, and the ESP32 Module A receiving the corresponding MQTT command. 
Average Latency – 42 ms. 
Analysis – Despite using a low-cost Wi-Fi-based MQTT broker, the latency remained well below the 100 ms threshold 
typically required for non-high-speed industrial transport. This response time ensures that the carrier initiates movement 
almost instantaneously after user input. 

3.4.2. Multi-Carrier Synchronization Delay 
A critical metric for multi-agent coordination is the time taken for Robot Tango to receive a “Task Termination” signal 
once Robot Bravo identifies a shared platform. 
Average Peer-to-Peer Latency – 68 ms. 
Analysis – This delay accounts for the RFID scan by ESP32 Module B, the publication to the broker, and the subsequent 
subscription by the peer robot. The results indicate that the coordination logic is sufficiently fast to prevent the second 
robot from entering the shared platform zone, thereby eliminating the risk of redundant tasks or collisions. 

3.4.3. Sensor-to-Avoidance Response 
The local control loop on ESP32 Module A manages the ultrasonic sensor feedback and the “Reverse-and-Forward” 
avoidance routine. 
Local Processing Latency – < 15 ms. 
Analysis – By offloading obstacle detection to the microcontroller layer rather than routing it through the Raspberry Pi, 
the system achieves near-instantaneous braking and reversal. This low latency is the primary factor behind the 100% 
success rate observed in obstacle avoidance trials. 

The communication performance evaluation demonstrated stable short-term operation under controlled laboratory 
network conditions. However, long-term deployment in industrial environments may introduce additional challenges such 
as Wi-Fi congestion, packet loss, broker overload, and electromagnetic interference from surrounding electrical 
equipment. These factors may affect communication stability and synchronization performance during extended multi-
carrier operation. Therefore, further investigation involving long-duration testing and industrial network reliability 
assessment will be conducted in future work. 

3.5. Analysis of Motor Speed and Track Width on Navigation Overshoot 
A critical factor in the reliability of low-cost autonomous carriers is the correlation between operational speed and the 
physical dimensions of the navigation track. This study analysed the “Overshoot” distance—defined as the lateral 
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displacement of the robot's centre axis from the track centreline during cornering manoeuvres—to determine the stability 
limits of the ESP32 Module A control loop. 

Table 6. Summary of system latency and reliability 

Communication path Average latency (ms) Reliability (%) Operational significance 
Main Carrier to Sub-Carrier 
(Task) 

42 ms  100%  Real-time task dispatching  

Sub-Carrier to Peer 
(Arbitration) 

68 ms  100%  Collision & redundancy 
prevention  

Local Sensor to Actuator 
(Safety) 

<15 ms  100%  Immediate obstacle handling  

3.5.1. Impact of Speed on Tracking Stability 
As the PWM-controlled DC motor speed increased, the system exhibited higher inertia during direction changes. At a 
constant track width of 1.8 cm, increasing the speed by 20% led to a significant increase in overshoot because the infrared 
sensor array could not poll the narrow track quickly enough to trigger a corrective motor response. 

3.5.2. Track Width as a Buffer for Navigation Error 
The experimental results indicate that a wider track (3.6 cm) significantly mitigates the failure rate caused by overshoot. 
The increased spatial tolerance allows the infrared sensors to maintain a “lock” on the path even when the carrier 
experiences slight lateral drifts at higher velocities. 

The data shows in Table 7 demonstrates that for a low-cost system relying on infrared sensing, the success rate is 
inversely proportional to the ratio of speed to track width. The 100% success rate in the “Reverse-and-Forward” obstacle 
strategy further supports this; by stopping and reversing, the system effectively resets its overshoot to zero before 
proceeding, whereas the “Navigate-Around” strategy failed because it increased lateral displacement beyond the sensor's 
recovery range. 

Table 7. Correlation between speed, track width, and cornering overshoot 

Motor speed 
(PWM %) 

Track width 
(cm) 

Avg. overshoot 
(mm) 

Success rate 
(%) 

Reliability assessment 

40 1.8 4 80 High stability for narrow paths 
60 1.8 12 50  Critical; sensor frequently loses 

track 
40 3.6 5 90  Optimal for high-precision tasks 
60 3.6 15 80  Successful due to wider error 

tolerance 

4. Conclusions 
This study presented the design, implementation, and experimental validation of a low-cost ROS2-enabled autonomous 
carrier robot intended for structured factory automation environments. By integrating a Raspberry Pi 4 central controller 
with distributed ESP32 microcontrollers, the proposed system successfully combined high-level task coordination with 
real-time navigation and sensing operations. The modular hardware and communication architecture enabled the 
integration of locomotion, RFID-based platform identification, obstacle detection, and multi-carrier coordination using 
lightweight embedded hardware and wireless communication technologies. Experimental results validated the system’s 
high operational reliability across several critical metrics: 
Navigation and Sensing – The system achieved a 90% success rate for straight-path navigation, with performance heavily 
influenced by track geometry. Specifically, an optimal track width of 11 cm was identified to ensure a 100% success rate 
for RFID-based station identification, balancing path-following stability with sensor dwell time. 
Obstacle Avoidance – The proposed “reverse-and-forward” avoidance strategy outperformed traditional bypass 
maneuvers, achieving a 100% success rate by preserving track alignment. Kinematic analysis confirmed that local sensor 
processing on ESP32 Module A reduced safety-critical latency to less than 15 ms, allowing for controlled braking within 
a 5 cm threshold. 
Multi-Carrier Coordination – The MQTT-based communication architecture proved robust for multi-agent 
synchronization. The arbitration logic demonstrated a 100% reliability rate in preventing redundant tasks at shared 
platforms, with a peer-to-peer communication latency of only 68 ms. 

The main contribution of this work lies in the integration of ROS2 communication, MQTT-based coordination, and 
distributed ESP32 processing within a low-cost autonomous carrier platform designed for structured factory 
environments. Unlike many ROS2-based mobile robots that rely on computationally intensive LiDAR-SLAM 
approaches, the proposed system utilizes lightweight line-following navigation combined with RFID-assisted station 
identification to achieve reliable operation with reduced implementation complexity and hardware cost. Despite the 
encouraging experimental results, several limitations remain in the current implementation. The navigation strategy relies 
on structured infrared-based paths and was evaluated primarily under controlled laboratory conditions using static 
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obstacles. Therefore, additional validation under dynamic industrial conditions involving moving obstacles, reflective 
surfaces, wireless interference, and extended operating duration is still required. In addition, long-term communication 
stability, Wi-Fi packet loss behaviour, battery endurance, and mechanical durability under continuous industrial operation 
were not extensively evaluated in this study. Future work will focus on improving environmental perception through the 
integration of computer vision or LiDAR-based sensing for more adaptive navigation in dynamic factory layouts. Further 
development will also investigate communication reliability under high network traffic conditions, integration with PLC 
and industrial supervisory systems, and coordination with other automated manufacturing subsystems such as robotic 
manipulators and conveyor systems. 
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