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implemented using ROS2 and Message Queuing Telemetry Transport (MQTT) . Smart product carrier
Experiments were conducted in an indoor factory-like environment. Navigation Factory automation
performance, obstacle avoidance, RFID detection, and communication behaviour Robot operating system
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were evaluated. Navigation tests were performed using different track widths and
Industry 4.0

movement conditions. A navigation success rate of up to 90% was recorded
during repeated trials. Two obstacle avoidance methods were evaluated. The
reverse-and-forward method completed all test trials successfully. RFID platform
identification was tested using different line spacing configurations, and a 100%
detection rate was obtained at the selected operating condition. Communication
tests showed low message delay during task coordination between carrier robots
and the central control node. The developed system combines ROS2
communication, MQTT messaging, distributed ESP32 processing, and RFID-
assisted navigation within a single carrier platform. The robot was evaluated
under structured operating conditions using low-cost hardware components
commonly available for embedded robotic applications.

1. Introduction

Material transportation is a common task in manufacturing facilities [1],[2],[3]. Components, semi-finished products, and
finished products must be moved between workstations, storage areas, and production lines throughout the manufacturing
process. Fixed conveyor systems and manual transportation methods are still widely used for this purpose [4],[5],[6].
These approaches are suitable for repetitive operations but may require layout modification when production requirements
change. In reconfigurable manufacturing environments, transport systems with greater flexibility are often required.
Automated Guided Vehicles (AGVs) and Autonomous Mobile Robots (AMRs) have been used for material handling and
intralogistics applications in factories and warehouses [7],[8],[9]. These systems can transport materials between locations
with minimal operator involvement. Today's mobile robot platforms typically integrate navigation, obstacle detection,
task scheduling, and wireless communication [10],[11],12]. The many commercial systems employ LiDAR sensors, high-
performance computing hardware, and proprietary software frameworks. These technologies offer enhanced navigation
capabilities but also increase system cost and complexity of implementation. ROS2 (Robot Operating System 2) is a
software framework for distributed robotics applications [13],[14],[15]. The framework supports communication between
software nodes and allows different sensing, control, and monitoring functions to be integrated within a common platform.
ROS2 has been adopted in industrial and research applications involving autonomous robots, multi-robot systems, and
embedded robotic devices [16],[17],[18]. Low-cost computing platforms such as Raspberry Pi and ESP32
microcontrollers have also been used with ROS2 for mobile robot development [19], [20].

In structured factory environments, navigation routes are often predefined. Under these conditions, infrared-based
line-following remains a practical navigation method because it requires only simple sensing hardware and limited
processing resources. Additional sensing devices may be incorporated to support obstacle detection and station
identification. Wireless communication is also required when multiple robots and supervisory systems exchange task
information. MQTT has been used for lightweight machine-to-machine communication and data exchange in distributed
automation systems [21], [22]. This work presents a low-cost autonomous carrier robot developed for structured factory
transportation tasks. The system uses a Raspberry Pi 4 together with two ESP32 microcontrollers. Infrared sensors are
used for line-following navigation, ultrasonic sensors are used for obstacle detection, and RFID tags are used for station
identification. Communication between carrier robots and the central control node is implemented using ROS2 and
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MQTT. Experimental work was carried out in an indoor factory-like environment to evaluate navigation behaviour,
obstacle avoidance, RFID detection, and communication performance. The main contributions of this paper are
summarized as follows:

i. Low-cost autonomous carrier robot design with Raspberry Pi and ESP32 hardware.
ii. Integration of ROS2 and MQTT communication for coordination of carrier robot.
iil. Line following navigation and obstacle avoidance based on RFID station identification.
iv. Experimental validation of navigation performance, obstacle avoidance behaviour, RFID detection and

communication latency in structured operating conditions.
2. Materials and Methods

2.1. System Architecture and Hardware Configuration

The autonomous carrier system consists of one Main Robot Carrier and two sub-carrier robots, Robot Bravo and Robot
Tango. Figure 1 shows the overall architecture of the system. The Main Robot Carrier coordinates tasks and Robot Bravo
and Tango perform transport tasks within the factory environment.

2.1.1. Main Robot Carrier

The Main Robot Carrier is based on a Raspberry Pi 4 running ROS2 Humble. The Raspberry Pi takes care of the task
management and the communication to the ROS2 Publish/Subscribe nodes. A Station Selector Switch is provided for
manual selection of the desired destination. The Raspberry Pi is interfaced with an ESP32 microcontroller for local device
control. The ESP32 communicates with a load cell to measure weight and an L298N motor driver to control two DC
motors. The Main Robot Carrier is the central node for coordination in the carrier system.

2.1.2. Robot Bravo and Tango

Robot Bravo and Robot Tango use two ESP32 microcontrollers. The first ESP32 is responsible for navigation and motion
control. This controller interfaces with an L298N motor driver, a servo motor, ultrasonic sensors, and infrared sensors.
The ultrasonic sensors are used for obstacle detection, while the infrared sensors are used for line-following navigation.
The second ESP32 is used for platform identification. An MFRC522 RFID reader is connected to this controller for
reading RFID tags placed at factory stations. The separation of navigation and identification functions allows both
processes to operate independently during robot movement.

2.1.3. Communication Architecture

Communication between the Main Robot Carrier, Robot Bravo, and Robot Tango is performed using MQTT over a Wi-
Finetwork. The Raspberry Pi operates as the central coordination node, while the carrier robots exchange task information
through MQTT messages. When a robot finishes a task or reaches a station, a status message is sent to the MQTT broker.
The updated information is published on the corresponding topic, and other robots subscribed to the topic receive this
information. This mode of communication is used for synchronization of tasks and monitoring of status during operation.
The distributed architecture separates task management, navigation, motor control, and RFID identification in separate
processing units. The main hardware components used in the system are shown in Table 1.
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Figure 1. System Block Diagram
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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

2.2. Software Framework and Communication Architecture

The carrier system is based on a Raspberry Pi 4 with ROS2 Humble and communicates over Wi-Fi via MQTT. The ROS2
is responsible for the task management, data processing, and coordination functions, while the MQTT is used for message
exchange between the carrier robots and the Main Robot Carrier.

2.2.1. ROS2 Node Implementation

The Raspberry Pi 4 runs the main ROS2 nodes of the system. These nodes are responsible for task allocation, station
selection, and data logging. The Station Selector Switch sends destination input to the ROS2 application. The current task
status and carrier information are also kept while the Raspberry Pi is running. Control of local devices is via ESP32
controllers. These controllers handle sensor input, RFID data acquisition, motor control, and hardware events. The
gathered information is sent by the ESP32 modules to the Raspberry Pi when the information is needed.

2.2.2. MQTT-Based Inter-Robot Communication

MQTT communication is used between the Main Robot Carrier, Robot Bravo, and Robot Tango. The protocol operates
over a Wi-Fi network and is used to exchange task information and robot status messages. MQTT QoS Level 1 was
selected for message delivery during the experiments. The Raspberry Pi publishes task commands to MQTT topics
assigned to each carrier robot. Robot Bravo and Robot Tango subscribe to the corresponding topics and execute the
received commands. For example, a task command may be transmitted through a topic such as /carrier/bravo/task. Status
information is also exchanged through MQTT topics. When a carrier robot completes a task, a status message is published.
Other robots subscribed to the same topic receive the updated information and update their operating status accordingly.

2.2.3. Data Flow and Synchronization

Task commands generated by the Raspberry Pi are transmitted through MQTT topics and received by the carrier robots.
Sensor information, RFID identification data, obstacle detection events, and task status messages are transmitted in the
opposite direction. During operation, each carrier robot periodically publishes its current status. These messages are used
by the Main Robot Carrier to monitor task execution and carrier availability. The same communication mechanism is
used for platform identification updates and obstacle notifications.

2.3. Navigation and Obstacle Avoidance Strategy

Navigation is performed using infrared line-following sensors connected to ESP32 Module A. Obstacle detection is
performed using ultrasonic sensors mounted on the front of the carrier. RFID-based station identification is handled by
ESP32 Module B.

2.3.1. Navigation Logic (ESP32 Module A)

ESP32 Module A controls the movement of the carrier robot. Infrared sensors are used to detect the track position. Sensor
readings are processed by the ESP32 controller and used to adjust the PWM signals supplied to the L298N motor driver.
The navigation path consists of predefined tracks placed on the factory floor. During operation, the carrier follows the
track using feedback from the infrared sensor array. Two track widths, 1.8 cm and 3.6 c¢cm, were used during the
experiments.

2.3.2. Obstacle Detection and Avoidance (ESP32 Module A)

The Obstacle detection is performed using ultrasonic sensors connected directly to ESP32 Module A. The sensors
continuously monitor the area in front of the carrier. Figure 2 shows the circuit diagram of Module A. Two obstacle
avoidance methods were implemented and evaluated. The performance of both methods was evaluated experimentally.
Navigate-Around Approach — The carrier attempts to move around the obstacle and return to the navigation path.
Reverse-and-Forward Approach — The carrier reverses for a short distance after obstacle detection. The carrier then moves
forward after the obstacle is removed.
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2.3.3. Identification-Based Navigation (ESP32 Module B)

ESP32 Module B is used for RFID-based station identification. Figure 3 shows the hardware configuration of Module B.
An MFRC522 RFID reader is connected to the ESP32 controller. When the carrier arrives at a station, the RFID tag is
read, and the station identifier is obtained. The identification result is transmitted to the Raspberry Pi through MQTT
communication. The same information is also available to other carrier robots subscribed to the corresponding MQTT
topic. Station identification is used as part of the task execution process. The navigation sequence may continue or stop
depending on the task status received from the central coordination node.

2.4. Experimental Setup and Evaluation Procedure

Experiments were performed in an indoor laboratory environment. The test track was a closed-loop path consisting of
straight and corner sections. In the experiments, two track widths were used: 1.8 cm and 3.6 cm. For navigation, infrared
sensors were mounted under the carrier and were used for line-following. Mounted on the front of the carrier, ultrasonic
sensors detected obstacles. The experiments were performed with fixed motor speed settings. Two carrier robots, Robot
Bravo and Robot Tango, were used in the system evaluation. These robots were assigned delivery jobs to some platforms.
A single platform was chosen as a common target for both robots, to test how the system would respond to simultaneous
requests for tasks. They then tested navigation, obstacle avoidance, RFID detection, and communication performance.
Each test was repeated ten times under the same setup and operating conditions. A run was considered successful if the
robot completed the assigned task without leaving the track, hitting an obstacle, or losing communication. Table 2
summarizes the experimental settings used throughout the study.

2.5. Operational Workflow
Figure 4 shows the operating sequence used by the carrier system. The process starts after the MQTT node and database
node are initialized. A delivery task is generated when a platform selection button is pressed.

Infrared Ultrasonic
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Motor Driver
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Figure 2. Module A diagram
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Figure 3. Module B diagram
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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
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2.5.1. Mission Assignment and Navigation

Platform buttons are used to assign destinations to the carrier robots. Platform 1 and Platform 2 are assigned to Robot
Bravo. Platform 3 and Platform 4 are assigned to Robot Tango. Platform 5 is assigned as a shared destination for both
robots. After a destination is selected, the corresponding robot starts moving along the predefined navigation path. Line-
following control is performed by ESP32 Module A using infrared sensor feedback. Motor commands are generated and
transmitted to the L298N motor driver. During movement, ultrasonic sensors monitor the path ahead. If an obstacle is
detected, the obstacle avoidance routine is executed. The reverse-and-forward method is used during the experiments
before navigation resumes.

Figure 4. Operation flow chart
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2.5.2. Arrival Verification and Task Completion

ESP32 Module B reads the RFID tag via the MFRC522 RFID reader when the robot arrives at the destination platform.
The location of the platform is identified by an RFID identifier. The RFID information is transmitted through MQTT
communication, and it is stored in the database. The task status is then updated. For Platform 5, Robot Bravo and Robot
Tango may be assigned the same destination. Once a robot reaches the platform and completes the task, it publishes the
status message through MQTT. The second robot gets the status message update and cancels the task it is currently
performing. The robot remains in its current position until given a new task. The sequence of operation ends when a stop
command is issued. All the carrier robots return to an idle state and wait for the next command of the task.

3. Results and Discussion

3.1. Hardware Prototyping and Assembly

The carrier robot was assembled using the hardware components described in Section 2. Figure 5 shows the arrangement
of the main components, while Figure 6 shows the three-dimensional design of the carrier robot. The completed prototype
was used for all experiments presented in this study.

3.1.1. Chassis Layout and Component Integration

The carrier robot is based on two-layer circular chassis. Lower layer has motor driver and motor drives and RFID
identification system. Station identification is through an attached MFRC522 RFID reader mounted under the chassis.
The ESP32 controller, ultrasonic sensor, infrared sensor array and the supporting electronic components are housed in
the top layer. On the front of the carrier is mounted an ultrasonic sensor. It is used for obstacle detection. Line following
navigation is realized by an infrared sensor array mounted under the chassis. A caster wheel is mounted to a front of the
carrier. During movement, the wheel keeps the distance between the sensors and the track surface.

3.1.2. Control Interface Prototyping

Figure 7 shows the Main Robot Carrier control interface. Five push buttons are provided for platform selection. Each
button corresponds to a predefined destination platform. Additional Start and Stop buttons are provided for system
operation. The buttons are connected directly to the Raspberry Pi and are used during task execution and experimental
testing.
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Figure 6. 3D Design of smart product carrier prototype
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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 experiments were conducted using the track configuration shown in Figure 8. Two track widths, 1.8 cm and
3.6 cm, were evaluated. Straight-path navigation and corner navigation were tested separately. Each experiment was
repeated ten times. Table 3 lists the navigation results obtained during the experiments. For straight-path navigation,
success rates of up to 90% were recorded. Different results were observed for the two track widths. Corner navigation
was also affected by track width. The measured success rates for all test conditions are presented in Table 3.

3.2.1. Obstacle Avoidance Performance

Two obstacle avoidance methods were also evaluated. The first method attempted to move around the obstacle before
returning to the navigation path. The second method involved reversing for a short distance and then moving forward
after the obstacle was removed. Table 4 lists the obstacle avoidance results. Different success rates were obtained for the
two methods. The navigate-around method produced several failures during testing. In these cases, the carrier lost
alignment with the navigation track after passing the obstacle. The reverse-and-forward method completed all test trials
successfully. Obstacle avoidance experiments were conducted using stationary obstacles placed along the navigation path.
The same test arrangement was used throughout the experiments. Dynamic obstacles and moving objects were not
included in the present study.

3.3. Analysis of RFID Detection Reliability and Track Geometry

RFID detection experiments were conducted using different line spacing configurations. The objective of the experiment
was to evaluate the ability of the MFRC522 RFID reader to detect station tags while the carrier was moving along the
navigation path.

3.3.1. Impact of Line Spacing on Detection Success

Three-line spacing configurations were evaluated: 9 cm, 11 cm, and 12 cm. For each configuration, the carrier was allowed
to move through the RFID detection area, and the tag detection result was recorded. Table 5 lists the RFID detection
results obtained during the experiments. A detection success rate of 0% was recorded for the 9 cm spacing configuration.
The 11 cm spacing configuration produced a detection success rate of 100%. For the 12 cm spacing configuration, the
detection success rate was 60%. Different detection results were observed for the three spacing configurations. The

highest detection rate was obtained at the 11 cm spacing. The measured results for all test conditions are presented in
Table 5.

Table 3. Navigation success rate under different track widths

Movement type  Track width (cm)  Successful trials  Success rate (%)

Straight path 1.8 8outof 10 80
Straight path 3.6 10outof 10 100
Corner path 1.8 6outof 10 60
Corner path 36 8outof 10 80

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
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Figure 8. Testing track with different line sizes

3.4. Communication Latency and Control Response

Table 6 presents the communication measurements obtained from the carrier system. Three communication paths were
examined, namely command transmission, inter-robot communication, and local obstacle response. The delay between a
platform selection command and motor activation averaged 42 ms. Communication between Robot Bravo and Robot
Tango through MQTT produced an average delay of 68 ms. The local obstacle response executed by ESP32 Module A
was measured at less than 15 ms. No noticeable delay was observed during robot operation. Command execution, status
updates, and obstacle responses occurred without interruption throughout the test runs. The results listed in Table 6 were
obtained under the same laboratory conditions used for the navigation experiments.

3.5. Effect of Motor Speed and Track Width on Navigation Overshoot

Additional experiments were conducted to evaluate the effect of motor speed and track width on carrier movement. The
experiments focused on the behaviour of the carrier during corner navigation. Overshoot was observed when the carrier
moved beyond the centre of the navigation path before returning to the track.

3.5.1. Effect of Motor Speed

The effect of motor speed was examined using the 1.8 cm track configuration. During testing, the carrier was observed to
overshoot the corner section more frequently at higher speed settings. In several runs, the robot moved beyond the centre
of the track before correcting its position. The recorded values are given in Table 7.

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

Table 6. Summary of system latency and reliability

Communication path Average latency (ms) Reliability (%) Operational significance
Main Carrier to Sub-Carrier 42 ms 100%  Real-time task dispatching
(Task)

Sub-Carrier to Peer 68 ms 100%  Collision & redundancy
(Arbitration) prevention

Local Sensor to Actuator <15 ms 100%  Immediate obstacle handling
(Safety)
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3.5.2. Effect of Track Width

Two track widths were considered in this study, namely 1.8 cm and 3.6 cm. The wider track generally produced fewer
navigation failures during cornering. Overshoot was still observed, but the robot was able to recover and continue
following the path in most trials. A similar trend appeared during the obstacle avoidance tests. The reverse-and-forward
routine completed all runs, whereas the navigate-around routine failed in several cases after the robot lost track alignment.
Tables 4 and 7 show the corresponding results.

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

Motor speed Track width Avg. overshoot Success rate Reliability assessment
(PWM %) (cm) (mm) (%)

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 work described the development of a small autonomous carrier robot for structured factory transportation. The
prototype consists of a Raspberry Pi 4, several ESP32 controllers, RFID identification, infrared line sensors, ultrasonic
sensors, and MQTT communication. Two carrier robots, namely Robot Bravo and Robot Tango, were connected to a
Main Robot Carrier for task coordination.

Several laboratory tests were carried out after the prototype was completed. During navigation testing, the robot was
able to follow the predefined track and reached a maximum success rate of 90% under the selected operating conditions.
RFID experiments showed noticeable differences between the tested line spacing configurations. Among the tested
arrangements, the 11 cm spacing produced the most consistent tag detection results. For obstacle avoidance, the reverse-
and-forward method completed all trials, whereas failures were observed when the navigate-around method was used.

Communication between the robots was also examined. During communication testing, the delay from a command
signal to motor activation averaged 42 ms. Message exchange between the carrier robots required approximately 68 ms.
For obstacle handling, the ultrasonic sensors and motor control routines were executed directly on the ESP32 controller.
The measured response time was below 15 ms.

All experiments were carried out in a laboratory environment. The robots moved on predefined tracks and obstacle
tests used stationary objects placed along the navigation path. Conditions normally found in a production floor were not
available during the evaluation. Examples include moving vehicles, human traffic, wireless network congestion, and long-
duration operation over multiple shifts. Several areas can still be investigated. Additional sensors may be added to the
carrier platform, and tests involving a larger number of robots can be carried out. Communication performance under
heavier network traffic and integration with existing factory automation equipment may also be examined in future
studies.
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