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TRACE is an autonomous mobile robot developed to reduce the manual effort 

required for tennis ball retrieval during practice sessions. The project integrates 

mechanical design, electronics, perception, and ROS 2-based software into a 

functional mechatronic prototype. The robot uses an Xbox 360 Kinect RGB-D 

camera for tennis ball detection and distance estimation, combined with wheel 

encoder and IMU data fused through an Extended Kalman Filter for reliable 

odometry. Ball collection is performed by a dual-flywheel intake mechanism driven 

by brushless DC motors, improved with rubber-band surface modifications for 

better grip, while locomotion uses geared DC drive motors under differential-drive 

control. The software architecture incorporates RTAB-Map mapping, AMCL 

localization, and NAV2 path planning for autonomous navigation, alongside a 

separate behavior node handling ball detection, target selection, and collection. 

Testing showed approximately 90% ball detection accuracy within the effective 

sensing range and flywheel collection success exceeding 90% under stable power, 

with the robot retrieving multiple balls within minutes of continuous operation. 

Autonomous navigation and autonomous ball collection were each demonstrated 

successfully but were not yet merged into a single continuous mission. The results 
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confirm that an accessible, ROS 2-based autonomous tennis ball collector is 

feasible and provide a foundation for future refinement toward a fully integrated, 

more reliable system for tennis training environments. 

Keywords: Autonomous mobile robot, Tennis ball collection, Vision-based 

detection, Mechatronic system design, Flywheel-based intake mechanism, ROS-

based control
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1 

INTRODUCTION 

 

1.1 Background and Motivation 

Tennis training involves repeated collection of balls scattered across the court after 

serves, rallies, and coaching drills [1], [3], [8]. Although this task is necessary for 

continuing practice, it interrupts training flow and requires repeated walking, 

bending, and carrying. Over a full session, this reduces effective training time and 

increases physical effort for players and coaches [2], [3]. 

Manual tools such as pickup tubes and roller-type collectors can reduce bending 

effort, but they still require continuous human operation and do not eliminate 

training interruptions. Therefore, there is a clear opportunity for a robotic system 

that can support tennis training by detecting, approaching, collecting, and 

temporarily storing balls with minimal user involvement. 

TRACE was developed as an autonomous tennis ball collector robot to address this 

need. The project focuses on integrating a mobile robot platform, RGB-D 

perception, mechanical ball intake, onboard electronics, and ROS 2-based control 

into a functional mechatronic prototype. 

 

Figure 1.1 Lower back strain from repeated tennis ball pickup  
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Although tennis training equipment has improved over time, ball retrieval methods 

are still commonly based on manual tools [1], [8]. Devices such as pickup tubes and 

roller mower-type collectors can reduce the effort of bending, but they still require 

continuous human operation and do not eliminate training interruptions [2], [3]. 

Examples of commonly used manual tennis ball collection tools are shown in 

Figure 1.2 and Figure 1.3. 

 

Figure 1.2 Tennis ball pickup tube 

 

Figure 1.3 Tennis ball roller mower 

The motivation for this project comes from the need to automate a repetitive task 

that occurs naturally in tennis training environments [1], [3], [8]. A typical example 

of tennis balls scattered across a court after a training sequence is shown in Figure 

1.4. In this situation, a supporting autonomous system can reduce downtime by 
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detecting, approaching, collecting, and storing balls with minimum user 

involvement. 

 

Figure 1.4 Tennis balls scattered across a training court following a practice 

session. 

Within this context, TRACE was developed as an autonomous tennis ball collector 

robot intended to support players, coaches, and tennis academies during training 

sessions. The system aims to reduce manual workload, improve training continuity, 

and provide a practical mid-range robotic solution for tennis ball retrieval. The 

project focuses on integrating mechanical collection, RGB-D perception, 

differential-drive mobility, ROS 2-based control, and prototype-level autonomous 

operation into a functional mechatronic system. 

1.2 Problem Definition 

Tennis training environments create a repeated operational need: tennis balls must 

be retrieved from the court surface throughout the session. This need exists in 

individual practice, coaching drills, and academy-level training, where balls are 

continuously scattered across the court within short time intervals. Although ball 

retrieval is necessary for continuing training, it does not directly contribute to player 

skill development and therefore represents a non-value-adding task within a 

performance-focused environment. 

The main problem addressed in this project is the dependence on manual ball 

collection methods. Manual collection interrupts training flow and requires 

repeated walking, bending, and carrying. Over a full session, these actions reduce 

effective practice time, increase physical fatigue, and shift the attention of players 

and coaches away from technical training. Existing manual collection tools reduce 
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some physical effort but still require human operation, so they do not fully solve 

the interruption problem. 

Therefore, the problem is defined as the need for a robotic system capable of 

detecting, approaching, collecting, and storing tennis balls distributed across a 

tennis court with minimal user involvement [4], [5], [8]. The system should operate 

as a supportive training assistant rather than as a distraction, and it should be 

practical for use in typical indoor and outdoor tennis training environments. This 

definition establishes the foundation for a solution that prioritizes training 

efficiency, usability, safety, and realistic prototype implementation. 

1.3 Project Aim and Objectives 

The aim of this project is to develop TRACE, an autonomous tennis ball collector 

robot intended to operate as a supportive training assistant in standard tennis court 

environments. The system is designed to reduce the manual effort and training 

interruptions caused by repeated tennis ball retrieval during practice sessions. 

TRACE performs this task by combining mobile robot locomotion, vision-based 

ball detection, mechanical ball intake, and onboard storage within a single 

mechatronic prototype. 

The operating environment considered for the system is a standard tennis court, 

where balls may be distributed across the playing area after serving, rallying, or 

coaching drills. The general court environment considered during the development 

of TRACE is illustrated in Figure 1.5. 

 

Figure 1.5 Illustration of a Standard Tennis Court 
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TRACE is intended to support operation in typical indoor and outdoor tennis 

training conditions while requiring minimal user supervision. By taking over the 

repetitive task of ball collection, the robot aims to allow players and coaches to 

focus more on training quality, technique, and session continuity. The project does 

not aim to produce a commercial-ready product, but rather to develop and validate 

a functional prototype that demonstrates the feasibility of autonomous tennis ball 

collection [2], [4]. 

The objectives of the TRACE project are defined as follows: 

• To detect standard tennis balls using an RGB-D vision system under typical 

training conditions. 

• To estimate the relative position and distance of detected tennis balls using Kinect-

based RGB and depth information. 

• To develop a differential-drive mobile robot platform capable of manual motion 

control, odometry-based motion estimation, SLAM mapping, and NAV2-based 

autonomous navigation. 

• To design and manufacture a mechanical intake mechanism capable of guiding 

tennis balls from the court surface into the storage compartment. 

• To integrate the mechanical, electrical, sensing, and software subsystems into a 

functional prototype. 

• To demonstrate autonomous ball collection as a separate operating mode using 

vision-based target detection and collection logic. 

• To demonstrate autonomous navigation as a separate operating mode using the 

ROS 2 navigation stack. 

• To evaluate the final prototype through mechanical, electrical, perception, motion, 

navigation, and ball collection tests. 

At the final prototype stage, the system demonstrated the main functional 

capabilities required for the project, including manual motion control, autonomous 

ball collection, RGB-D perception, odometry, SLAM mapping, and NAV2-based 

autonomous navigation. Autonomous ball collection and autonomous navigation 

were tested as separate operating modes, while their complete integration into one 

continuous mission pipeline is defined as a future development step. 
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1.4 Scope and Limitations 

The scope of this project covers the design, manufacturing, assembly, integration, 

and testing of TRACE as a functional autonomous tennis ball collector prototype. 

The project includes the mechanical structure, differential-drive locomotion 

system, flywheel-based ball intake mechanism, RGB-D perception system, onboard 

electronics, and ROS 2-based control architecture. 

The prototype was tested through manual motion control, autonomous ball 

collection, Kinect-based ball detection and depth estimation, encoder odometry, 

IMU operation, SLAM mapping, and NAV2-based autonomous navigation. These 

tests were used to evaluate the main mechanical, electrical, perception, motion, and 

software functions of the system. 

The operating environment considered in this project is a standard tennis court or a 

court-like flat surface under typical training conditions. Although the robot is 

intended for both indoor and outdoor tennis environments, exhaustive testing under 

different lighting, weather, surface, and long-term durability conditions was not 

performed. Therefore, the presented results represent prototype-level validation 

rather than final commercial product validation. 

Several limitations remain in the final prototype. The autonomous ball collection 

mode and autonomous navigation mode were demonstrated separately, but they 

were not fully merged into one continuous autonomous mission. The electronic 

components are functional but are not yet fully enclosed in a final protective 

housing, and some components remain positioned for development accessibility. 

The storage box was not fully printed at the final testing stage; however, the 

available half-box configuration successfully held at least ten tennis balls. The 

system includes fuse protection and a PS4 controller stop function, but a dedicated 

physical emergency stop button was not implemented. Long-duration endurance 

testing, detailed stress analysis, industrial certification, waterproofing, and mass-

production optimization were also outside the completed project scope. 

By defining these boundaries, the project is positioned as a functional engineering 

prototype that demonstrates the feasibility of autonomous tennis ball collection 

while identifying clear directions for future improvement. 



19 

1.5 Needs Analysis Summary 

The needs analysis of TRACE was conducted to identify the operating conditions, 

stakeholders, and user expectations associated with autonomous tennis ball 

collection. The analysis showed that tennis ball retrieval is a repetitive auxiliary 

task that affects training continuity, user effort, and session efficiency [1], [3]. 

These findings were used to define the main system needs and to guide the final 

design decisions related to mobility, perception, collection, storage, safety, and 

usability. The detailed survey figures and time–cost estimation used during the 

early needs analysis are provided in Appendix A. 

1.5.1 Operational Environment 

The operational environment of TRACE is a standard tennis court or a court-like 

flat surface used for individual practice, coaching drills, and academy-level 

training. Tennis courts are semi-structured environments with flat playing surfaces, 

defined court boundaries, net regions, and surrounding elements such as fences, 

walls, or training equipment [5], [8]. During training, balls are distributed 

unpredictably across the court as a result of serves, rallies, and ball-feeding drills. 

The robot is intended for both indoor and outdoor tennis training environments. 

Indoor courts generally provide more stable lighting and surface conditions, while 

outdoor courts may introduce variations in illumination, shadows, and surface 

texture [3], [5]. These environmental differences are important because TRACE 

depends on RGB-D perception, stable wheel contact, and reliable motion estimation 

during operation. Examples of indoor and outdoor tennis court environments 

considered during the needs analysis are shown in Figure 1.6 and Figure 1.7. 

 

Figure 1.6 Indoor Tennis Court Training Environment. 
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Figure 1.7 Outdoor Tennis Court Training Environment 

Based on this environment, the system must be able to detect tennis balls on a flat 

court surface, approach target balls, collect them without damaging the court, and 

operate safely around users and surrounding objects. Since tennis training is time-

sensitive, the robot should also require minimal user attention and should not create 

additional interruptions during operation. 

1.5.2 Stakeholders and User Needs 

The primary stakeholders of the TRACE system are tennis players, coaches, and 

tennis clubs or academies. Players are affected by the physical effort required for 

manual ball retrieval, while coaches are affected by interruptions that reduce drill 

continuity and training efficiency [1], [2], [3]. Tennis clubs and academies are 

affected at an organizational level because repeated ball collection influences 

session flow, equipment use, and training productivity. 

Secondary stakeholders include facility operators and maintenance personnel. 

Although they may not directly operate the robot during training, they are affected 

by the robot’s safety, storage requirements, portability, and reliability within the 

facility. Therefore, the system must be practical to handle, safe around people, and 

compatible with typical tennis court conditions [6]. 

The main user and system needs identified from the analysis are summarized as 

follows: 

• Reducing interruptions caused by manual tennis ball collection. 

• Reducing physical effort for players and coaches. 

• Detecting tennis balls on the court surface using onboard sensing. 



21 

• Moving toward target balls with minimal user supervision. 

• Collecting and temporarily storing multiple tennis balls. 

• Operating safely in a shared training environment. 

• Remaining practical, portable, and suitable for prototype-level use in tennis 

training conditions. 

These needs formed the basis for the system requirements and final prototype 

design. In the final implementation, TRACE addressed these needs through a 

differential-drive mobile platform, Kinect-based RGB-D perception, a flywheel-

based intake mechanism, onboard storage, PS4 controller interaction, odometry, 

SLAM mapping, and NAV2-based autonomous navigation tested as a separate 

operating mode. The survey-based supporting material and manual ball collection 

time–cost estimation are provided in Appendix A. 

1.5.3 System Requirements Summary 

The system requirements of TRACE were derived from the needs analysis and were 

used to define the main functional, mechanical, electrical, perception, safety, and 

operational expectations of the prototype. These requirements provided measurable 

design targets during the development process and created a basis for evaluating 

the final prototype. The detailed requirement classification, objective prioritization, 

verification approach, and supporting calculations are provided in Appendix B. 

The main system requirements are summarized in Table 1.1. The table includes the 

target requirement and the corresponding final prototype status where applicable. 

Detailed experimental evaluation of these requirements is presented later in Chapter 

5. 

Table 1.1 Summary of TRACE system requirements and final prototype status. 

”Continued…”. 

Requirement Category Target Requirement Final Prototype Status 
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Table 1.1 Summary of TRACE system requirements and final prototype status. 

”Continued…”. 

Functional 

requirement 

The system should detect, 

approach, collect, and 

temporarily store tennis balls 

with minimal user supervision. 

Autonomous ball collection 

was demonstrated as a separate 

operating mode. 

Navigation 

requirement 

The system should support 

autonomous navigation in a 

tennis court or court-like 

environment. 

SLAM mapping and NAV2-

based autonomous navigation 

were demonstrated separately 

from ball collection. 

Mechanical 

dimensions 

The robot should remain 

compact enough for safe 

operation on a tennis court. 

The early maximum target was 

800 mm × 500 mm × 500 mm. 

The final prototype dimensions 

are approximately 530 mm × 

370 mm × 400 mm. 

System mass The robot should remain 

portable and stable during 

operation. The early target was 

below 13 kg without balls and 

below 15 kg when loaded. 

The final prototype mass is 

approximately 10 kg without 

tennis balls. 

Storage 

capacity 

The system should temporarily 

store multiple tennis balls, 

with an early target of 20 balls. 

The available half-box 

configuration successfully 

stored at least 10 balls during 

testing. The full storage box 

remains a future improvement. 

 

 

 



23 

Table 1.1 Summary of TRACE system requirements and final prototype status. 

”Continued…”. 

Mobility 

requirement 

The robot should move 

stably on flat tennis court 

or court-like surfaces. 

Stable manual and autonomous 

motion were demonstrated at 

approximately 0.5 m/s. 

Perception 

requirement 

The system should detect 

tennis balls under typical 

training lighting 

conditions. 

Kinect-based RGB ball detection and 

depth estimation were demonstrated. 

The tested detection range was 

approximately 0.5–1 m, with about 

90% detection accuracy. 

Collection 

requirement 

The system should 

physically transfer 

detected balls from the 

court surface into the 

storage area. 

The flywheel-based intake 

mechanism successfully collected 

balls, with a collection success rate 

above 70% during autonomous 

collection testing. 

Power 

requirement 

The system should 

provide stable power to 

the onboard computer, 

sensors, drive motors, 

and intake motors. 

A single 11.1 V LiPo battery, voltage 

regulation, and fuse protection were 

used. Long-duration runtime testing 

was not completed. 

Safety 

requirement 

The system should allow 

motion to be stopped 

during operation and 

should operate safely 

around users. 

A PS4 controller stop function and 

fuse protection were implemented. A 

dedicated physical emergency stop 

button was not implemented. 
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Table 1.1 Summary of TRACE system requirements and final prototype status. 

”Continued…”. 

Operational 

environment 

The system should 

operate on indoor and 

outdoor tennis courts 

under typical training 

conditions. 

Prototype testing was performed 

under controlled court-like 

conditions. Full outdoor 

environmental and weather testing 

was not completed. 

User 

interaction 

The system should be 

simple to start, stop, and 

operate without 

specialized training. 

Manual control and system 

interaction were implemented using 

a PS4 controller. 

These requirements show that TRACE achieved the main prototype-level goals 

related to mobility, perception, mechanical collection, storage, and ROS 2-based 

autonomous operation. However, some requirements were only partially achieved 

or not fully verified within the final project scope. In particular, full-capacity 

storage testing, long-duration runtime testing, outdoor environmental validation, 

and the complete merging of autonomous navigation with autonomous ball 

collection remain future development tasks. 

1.6 System Design Summary 

The system design of TRACE was developed around the main requirement of 

detecting, approaching, collecting, and temporarily storing tennis balls in a tennis 

court environment. At the system level, TRACE is organized into five main 

functional subsystems: locomotion, ball collection, perception, electronics and 

power, and software control. These subsystems were selected to operate together as 

a compact mechatronic platform suitable for prototype-level tennis ball collection. 

The selected system architecture is based on a differential-drive mobile robot 

platform [6], [8]. This configuration was chosen because it provides a simple and 

reliable motion structure for forward movement, backward movement, and turning 

on flat court-like surfaces. The mobility subsystem supports both manual controller 

operation and autonomous motion testing. 
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For ball collection, the system uses a front-mounted flywheel-based intake 

mechanism [2], [8]. The function of this subsystem is to pull tennis balls from the 

court surface and guide them through a ramp into the storage area. This approach 

was selected because it provides active ball intake while keeping the mechanism 

less complex than robotic arm or vacuum-based alternatives [2], [3]. 

The perception subsystem is based on RGB-D sensing [5]. The RGB image stream 

is used for tennis ball detection through image processing, while depth information 

is used to estimate the relative distance of detected balls. This allows the robot to 

identify tennis balls and support target selection for autonomous collection. 

The electronics and power subsystem provides energy distribution, voltage 

regulation, motor driving, sensor interfacing, and communication between the 

onboard computer and low-level control hardware. The software and control 

subsystem is based on ROS 2 and includes manual control, sensor feedback, image 

processing, odometry testing, SLAM mapping, NAV2 navigation, and autonomous 

ball collection logic [5], [6]. In the final prototype, autonomous navigation and 

autonomous ball collection were developed and tested as separate operating modes. 

The overall system design therefore combines mechanical ball collection, mobile 

robot locomotion, RGB-D perception, embedded electronics, and ROS 2-based 

control into one functional prototype. The detailed explanation of subsystem 

component changes, mechanical design, electronic design, software architecture, 

and data flow is presented in Chapter 2. 

1.7 Design Improvement Overview 

During the project, the TRACE design progressed from an initial conceptual and 

preliminary system into a functional prototype. Several design decisions were 

revised as a result of component availability, manufacturing constraints, integration 

requirements, and prototype testing. 

The locomotion subsystem was improved by selecting compact encoded DC geared 

motors suitable for differential-drive motion [6]. This allowed the robot to perform 

manual movement, encoder-based odometry testing, and autonomous navigation 

experiments using the ROS 2 navigation stack. 
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The ball collection subsystem was also improved significantly. The initial flywheel-

based concept was retained [2], [8], but the final implementation was modified to 

improve ball contact and intake reliability. The flywheels were redesigned, and 

rubber bands were added to their surfaces to increase friction with the tennis ball. 

This improvement helped guide balls more consistently toward the ramp and 

storage area. 

The storage system was modified during prototype development. Although the 

original design target was to store approximately 20 tennis balls, the final tested 

configuration used a partially completed storage box due to prototype limitations. 

The available half-box configuration successfully held at least 10 tennis balls, while 

full-capacity storage remains a future improvement. 

The electrical architecture was refined into a simpler single-battery system with 

voltage regulation for low-power electronics and separate driver circuits for the 

drive and collection motors. Fuse protection was included to improve electrical 

safety, while the PS4 controller stop function was used as the main operational stop 

method during testing. 

The software system developed from basic subsystem testing into a ROS 2-based 

architecture [5], [6]. Manual control was implemented first to validate robot 

movement safely. Kinect-based ball detection and depth estimation were then 

added, followed by encoder and IMU testing, SLAM mapping, NAV2 navigation, 

and autonomous ball collection mode. These developments improved the system 

from a basic design concept into a functional prototype with multiple tested 

operating modes. The detailed technical explanation of these subsystem changes is 

provided in Section 2.1. 

1.8 Project Management and Team Responsibilities 

The TRACE project was managed through task planning, shared documentation, 

laboratory coordination, and regular subsystem development. Project progress was 

organized using Asana, Google Drive, and Mıcrosoft Excel. These tools were used 

to distribute tasks, store design files and reports, monitor project progress, and 

coordinate the work of the team members. The detailed project management 
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screenshots, task plans, Gantt charts, and supporting evidence are provided in 

Appendix C. 

The project responsibilities were divided according to the main subsystem domains 

of the robot: mechanical design and manufacturing, electronics and power 

integration, software and control, perception, and system testing. Although each 

team member had a primary responsibility area, many tasks required collaboration 

during integration and prototype testing. 

Ibrahim Hersi was mainly responsible for electronics, control, circuit design, motor 

driver selection, power architecture, wiring, and ROS-based odometry and 

navigation development. His work included supporting the integration of the drive 

system, motor control, sensor feedback, and navigation-related software modules. 

Mentalla Hebish was mainly responsible for vision-based perception, tennis ball 

detection, depth estimation using the Kinect camera, and integration of the 

perception output with the robot’s motion and collection behavior. Her work 

supported the development of the RGB-D ball detection pipeline and the evaluation 

of ball detection performance. 

Abdullrahman Trablsi was mainly responsible for the mechanical design and 

prototype development of the robot, including the frame, ball collection 

mechanism, storage system, 3D-printed parts, mechanical assembly, and prototype-

level mechanical testing. He also contributed to image-processing development and 

system integration activities. 

All team members contributed to prototype assembly, testing, troubleshooting, 

documentation, and final report preparation. The collaborative integration phase 

was especially important because the mechanical, electrical, and software 

subsystems had to operate together as one functional mechatronic system. The final 

prototype demonstrates the combined outcome of these distributed responsibilities. 
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2 

DETAILED DESIGN 

 

This chapter presents the detailed design of the TRACE autonomous tennis ball 

collector robot. The chapter focuses on the final design decisions, subsystem 

changes, mechanical structure, electronic architecture, software implementation, 

and system-level data flow. Since the project progressed from a preliminary concept 

to a functional prototype, the detailed design first explains the main component and 

method changes made during development. The following sections then describe 

the final mechanical, electronic, and software design of the system. 

2.1 Subsystem Component and Method Changes 

During the development of TRACE, several subsystem components and methods 

were changed from the preliminary design stage to the final prototype stage. These 

changes were made due to practical testing, component availability, 

manufacturability, integration requirements, and performance limitations observed 

during assembly and operation. 

The main subsystem changes were related to locomotion motor selection, ball 

collection motor selection, flywheel surface design, storage box implementation, 

power distribution, motor driving architecture, and ROS 2-based software 

development. The purpose of these changes was to improve the reliability, 

simplicity, and functionality of the prototype while keeping the system suitable for 

a student-level mechatronic design project. Table 2.1 summarizes the main 

subsystem changes made during the project. 
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Table 2.1 Summary of subsystem component and method changes. 

”Continued…”. 

Subsystem 

Preliminary 

Design 

Direction 

Final Prototype 

Implementation 
Reason for Change 

Locomotion 

General DC 

geared motor / 

high-torque 

motor 

alternatives 

Two JGB37-520 12 

V 333 rpm encoded 

DC geared motors 

More compact drive 

solution with 

encoder feedback for 

differential-drive 

control and odometry 

testing 

Ball 

collection 

motors 

Geared DC 

motor-based 

flywheel 

actuation concept 

Two SunnySky 

V3508 KV580 

BLDC motors 

Higher rotational 

speed and better 

suitability for 

flywheel-based 

intake 

Flywheel 

surface 

Smooth printed 

flywheel surface 

Redesigned 

flywheels with 

rubber bands around 

the surface 

Increased friction 

between the flywheel 

and tennis ball, 

improving intake 

consistency 

Storage 

system 

Full storage box 

targeting 

approximately 20 

balls 

Partially completed 

half-box 

configuration tested 

with at least 10 balls 

Full storage 

manufacturing was 

limited during 

prototype testing, but 

partial storage 

validated the concept 
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Table 2.1 Summary of subsystem component and method changes. 

”Continued…”. 

Power 

architecture 

Multiple possible 

supply 

configurations 

Single 11.1 V LiPo 

battery with voltage 

regulation and fuse 

protection 

Reduced wiring 

complexity and 

supported compact 

prototype 

integration 

Motor 

drivers 

Preliminary 

driver 

alternatives 

BTS7960 drivers for 

DC drive motors and 

ESCs for BLDC 

intake motors 

Better compatibility 

with final selected 

motors 

Software 

and 

navigation 

Planned 

autonomous 

behavior and 

simulation-based 

logic 

ROS 2-based manual 

control, odometry 

testing, Kinect ball 

detection, SLAM, 

NAV2, and separate 

autonomous 

collection mode 

Shift from 

conceptual planning 

to tested subsystem-

level 

implementation 

These changes transformed the system from a preliminary design into a working 

prototype. The following subsections explain each major subsystem change in more 

detail. 

2.1.1 Locomotion Motor Selection 

The locomotion subsystem is responsible for moving the robot across the tennis 

court or court-like test surface. A differential-drive configuration was selected 

because it provides a simple and reliable method for controlling a mobile robot 

using two independently driven wheels [6], [8]. This configuration allows the robot 

to move forward, move backward, and rotate by changing the relative speed and 

direction of the left and right drive wheels. 
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During the preliminary design stage, different motor options were considered for 

robot locomotion. The original selection focused mainly on providing enough 

torque for the expected robot mass and motion requirements. However, during 

development, the locomotion motor choice was revised to better match the final 

prototype needs. The final design uses two JGB37-520 12 V 333 rpm DC geared 

motors with integrated encoders. 

The JGB37-520 motors were selected because they provide a practical balance 

between size, speed, torque, availability, and controllability. Their compact form 

factor made them easier to integrate into the final chassis, while the integrated 

encoders allowed wheel rotation feedback to be used for odometry testing and 

closed-loop motion development. Encoder feedback is important because it allows 

the robot software to estimate wheel motion and support differential-drive control 

inside the ROS 2 system [6]. 

Each drive motor is connected to a 140 mm diameter wheel. The relatively large 

wheel diameter helps the robot move more smoothly on flat court-like surfaces and 

provides sufficient ground clearance for the prototype. The two drive wheels are 

supported by rear caster wheels, which provide passive stability while allowing the 

robot to turn using differential wheel speeds. The final locomotion motor and wheel 

assembly is shown in Figure 2.1. 

 

Figure 2.1 Final JGB37-520 drive motor and wheel assembly used in the TRACE 

prototype 

The main specifications of the final locomotion motor selection are summarized in 

Table 2.2. 
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Table 2.2 Final locomotion motor specifications 

Parameter Value 

Motor model JGB37-520 DC geared motor 

Operating voltage 12 V 

Rated speed 333 rpm 

Encoder availability Integrated encoder 

Number of drive motors 2 

Wheel diameter 140 mm 

Wheel radius 70 mm 

Drive configuration Differential drive 

This motor selection improved the final prototype by simplifying the mechanical 

drive layout and enabling encoder-based motion feedback. As a result, the 

locomotion subsystem supported manual PS4 controller motion, encoder odometry 

testing, and autonomous navigation experiments using the ROS 2 navigation stack 

[6]. 

2.1.2 Ball Collection Motor and Flywheel Redesign 

The ball collection subsystem is one of the most important parts of the TRACE 

prototype because it directly determines whether the robot can physically collect 

tennis balls after detecting and approaching them. During the preliminary design 

stage, different collection concepts were considered, including passive ramps, 

rotating collectors, flywheel-based intake, and more complex mechanisms. The 

concept selection process supported the use of a flywheel-based intake because it 

provides active ball collection while keeping the mechanical structure relatively 

simple. The detailed concept selection material is provided in Appendix B. 

In the final prototype, the ball collection mechanism uses two SunnySky V3508 

KV580 brushless DC motors to rotate the flywheels. These motors were selected 
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because the flywheel intake requires relatively high rotational speed to pull the 

tennis ball from the court surface and guide it toward the ramp. Compared with low-

speed geared DC motors, the selected brushless motors are more suitable for 

generating the required flywheel surface speed for ball intake [2], [8]. The selected 

brushless DC motor used for the flywheel intake mechanism is shown in Figure 2.2. 

 

Figure 2.2 SunnySky V3508 KV580 brushless DC motor used for the flywheel-

based intake mechanism. 

During testing, the original smooth flywheel surface did not provide enough 

consistent grip on the tennis ball. This caused the ball to sometimes slip instead of 

being pulled into the intake path. To solve this problem, the flywheel design was 

modified by adding rubber bands around the flywheel surfaces. The rubber bands 

increased the friction between the flywheel and the tennis ball, allowing the 

mechanism to grip the ball more effectively. The final flywheel-based intake 

mechanism is shown in Figure 2.3. 
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Figure 2.3 Final flywheel-based ball collection mechanism with rubber band 

surface modification 

This redesign improved the reliability of the ball collection subsystem. When the 

robot approached a detected tennis ball, the rotating flywheels contacted the ball 

and guided it toward the ramp. The ramp then directed the ball into the storage area. 

The rubber band modification was especially important because it converted the 

collection mechanism from a mainly theoretical design into a practical intake 

system that could successfully collect balls during prototype testing. The main 

specifications of the final ball collection motor selection are summarized in Table 

2.3. 

Table 2.3 Final ball collection motor specifications. “Continued…” 

Parameter Value 

Motor model SunnySky V3508 KV580 

Motor type Brushless DC motor 

Number of motors 2 

Application Flywheel-based ball intake 
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Table 2.3 Final ball collection motor specifications. “Continued…” 

Motor control component ESC 

Flywheel surface modification 
Rubber bands added for improved 

friction 

Collection method Active dual-flywheel intake 

2.1.3 Storage Box and Mounting Method Improvement 

The storage subsystem is responsible for temporarily holding the tennis balls 

collected by the intake mechanism. In the preliminary design stage, the storage 

system was planned as a rear container with a target capacity of approximately 20 

tennis balls. This target was selected to make the robot useful during training 

sessions and to reduce the frequency of manual unloading. 

During prototype development, the storage design was revised according to the 

available manufacturing time, 3D printing limitations, and prototype testing 

conditions. Instead of completing the full storage box, a partially completed half-

box configuration was manufactured and tested. This configuration was sufficient 

to validate the main storage concept because it successfully held at least 10 tennis 

balls during testing. 

The storage box was positioned behind the intake ramp so that collected balls could 

move from the flywheel mechanism into the storage area without requiring an 

additional transfer mechanism. This layout reduced mechanical complexity and 

allowed gravity and forward ball motion to assist the transfer process. The storage 

position also helped keep the robot compact while maintaining a clear front intake 

path. 

The mounting method was also improved during development. The storage 

structure was designed to be connected to the main frame and surrounding 3D-

printed support parts, allowing it to remain stable during robot motion and ball 

collection. This modular mounting approach also makes it easier to remove, 

modify, or replace the storage box in future design iterations. 

The final tested storage configuration is shown in Figure 2.4. 
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Figure 2.4 Final storage box configuration tested on the TRACE prototype 

Although the final tested storage configuration did not reach the original 20-ball 

target, it confirmed that the selected rear-storage concept was functional. 

Completing the full storage box and validating the full target capacity are therefore 

identified as future improvements rather than limitations of the storage concept 

itself. 

2.1.4 Power and Driver Architecture Changes 

The power and driver architecture was revised during the development of the 

TRACE prototype to create a more complete and practical electrical system. 

Compared with the earlier small prototype, the final robot required additional 

control and driver components to support locomotion, ball collection, sensing, and 

ROS 2-based operation. Therefore, the electrical architecture evolved from a simple 

testing setup into an integrated power and control system. 

The final prototype uses a single 11.1 V LiPo battery as the main power source. 

This battery supplies the high-power motor circuits and the low-power control 

electronics through the required regulation and driver stages. Using a single battery 

reduced wiring complexity and made the system easier to assemble, test, and 

maintain. 
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Two Arduino Nano boards were used in the final electrical architecture. One 

Arduino Nano was assigned to the DC drive motor control, while the second 

Arduino Nano was assigned to the brushless motor control for the ball collection 

mechanism. Separating these control tasks helped reduce the complexity of the low-

level control logic and allowed the locomotion and intake subsystems to be tested 

and operated more independently. 

The two JGB37-520 DC drive motors are controlled using two BTS7960 motor 

driver modules. Each BTS7960 driver controls one DC motor, allowing speed and 

direction control for the left and right drive wheels. This configuration supports the 

differential-drive motion of the robot and allows the ROS 2 control system to send 

movement commands through the low-level motor control interface. The BTS7960 

motor driver module used for the drive motors is shown in Figure 2.5. 

 

Figure 2.5 BTS7960 motor driver module used for DC drive motor control 

The two SunnySky V3508 KV580 brushless DC motors used in the ball collection 

mechanism are controlled using electronic speed controllers. These ESCs are 

required because brushless DC motors cannot be driven directly like brushed DC 

motors. The ESCs provide the switching required to rotate the BLDC motors and 

allow the intake flywheels to operate at the required speed for ball collection. 

Voltage regulation was required for the Raspberry Pi because it needs a stable 

lower-voltage supply compared with the main battery voltage. An XL4015 buck 

converter was used to regulate the battery voltage and provide suitable power to the 

Raspberry Pi. This helped protect the onboard computer from unstable voltage 

levels and supported reliable operation during testing. The XL4015 buck converter 

used for Raspberry Pi power regulation is shown in Figure 2.6. 
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Figure 2.6 XL4015 buck converter used to regulate power supplied to the 

Raspberry Pi 

The Kinect camera was connected directly without using an additional buck 

converter. This simplified the camera connection and avoided unnecessary 

regulation stages in the final prototype. Other low-power components, including 

the Arduino Nano boards, IMU, and encoder signal connections, were integrated 

into the control architecture according to their required voltage and signal 

interfaces. 

Fuse protection was included in the power architecture to reduce the risk of damage 

caused by excessive current or short-circuit conditions. Although the prototype does 

not include an industrial emergency stop system, the electrical design includes basic 

protection through the fuse, and operational stopping is handled through the PS4 

controller stop function during testing. 

Overall, the updated power and driver architecture improved the practical 

integration of the prototype. The final architecture supports the DC drive motors, 

BLDC flywheel motors, Raspberry Pi, Arduino Nano boards, Kinect camera, IMU, 

encoders, and motor driver modules while keeping the wiring layout manageable 

for prototype-level testing. 

2.1.5 Software and Navigation Method Development 

The software and navigation method of TRACE developed gradually throughout 

the project. The first preliminary prototype was a small remote-controlled robot 

used only to validate basic motion. At this stage, the system did not include tennis 

ball detection, autonomous ball collection, SLAM, or autonomous navigation. The 

main purpose of the early prototype was to test whether the robot could move 
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reliably using manual control and to provide an initial platform for understanding 

the drive system. 

After the basic motion concept was validated on the small prototype, the system 

was transferred to a larger robot platform. Manual remote control was again tested 

on the larger version to confirm that the updated chassis, motors, wheels, and 

control hardware could support stable movement. This step was important because 

the larger robot had different mechanical dimensions, mass distribution, and 

electrical requirements compared with the early prototype. 

Once the larger robot was able to move reliably under remote control, the ball 

collection function was developed and tested. At this stage, the robot was still 

manually controlled, but the flywheel intake mechanism was used to collect tennis 

balls. This allowed the team to validate the mechanical collection concept before 

adding autonomous behavior. The successful remote-controlled collection tests 

confirmed that the intake mechanism, ramp, and storage path could physically 

transfer balls from the floor into the robot. 

After the mechanical collection system was validated, the perception system was 

added. Kinect-based RGB image processing was used to detect tennis balls, and 

depth information was used to estimate the relative distance of detected balls [5]. 

This step allowed the robot to identify target balls instead of relying only on manual 

operator control. 

The next software development stage was autonomous ball collection. In this mode, 

the robot used the ball detection output to align itself toward a detected tennis ball, 

move toward it, and activate the intake mechanism for collection. This autonomous 

collection mode was developed and tested separately from full autonomous 

navigation. 

In parallel, the autonomous navigation system was developed using ROS 2 tools. 

Encoder feedback, IMU feedback, SLAM mapping, and NAV2-based navigation 

were tested to allow the robot to map, localize, and move autonomously in the 

environment [5], [6]. This navigation development was separate from the 

autonomous ball collection mode. 

As a result, the software and navigation method evolved in clear development 

stages: small remote-controlled prototype, larger remote-controlled robot, remote-
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controlled ball collection, Kinect-based ball detection, autonomous ball collection, 

and separate autonomous navigation. In the final prototype, autonomous ball 

collection and autonomous navigation were both demonstrated, but they were not 

fully merged into one continuous mission pipeline. The complete integration of 

navigation and ball collection is therefore considered a future improvement. 

The detailed software architecture, control logic, image processing method, 

odometry integration, SLAM mapping, NAV2 navigation, and autonomous ball 

collection mode are explained in Section 2.4. 

2.2 Mechanical Detailed Design 

This section presents the final mechanical design of the TRACE prototype. The 

mechanical design includes the structural frame, drive system, ball collection 

mechanism, ball ramp, storage box, camera mount, and electronics placement. The 

main purpose of the mechanical system is to provide a stable mobile platform that 

can carry the required components, move on a flat court-like surface, collect tennis 

balls from the ground, and store them temporarily during operation. 

The final mechanical design was developed using a modular approach. Aluminum 

sigma profiles were used for the main frame because they are lightweight, rigid, 

easy to assemble, and suitable for repeated modification during prototype 

development. Custom 3D-printed PLA parts were used for mounts, supports, 

holders, and mechanism-specific components. This combination allowed the robot 

to be assembled, tested, modified, and repaired more easily during development. 

The final prototype has approximate outer dimensions of 530 mm × 370 mm × 400 

mm and a mass of approximately 10 kg without tennis balls. These dimensions 

allowed the robot to remain compact enough for prototype-level tennis court 

operation while still providing enough space for the intake mechanism, storage area, 

drive motors, battery, electronics, and Kinect camera. 

2.2.1 Structural Frame and Chassis Design 

The structural frame is the main mechanical foundation of the TRACE prototype. 

It supports the drive motors, caster wheels, ball collection mechanism, storage box, 

camera mount, battery, and electronic components. The chassis was designed to 
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provide sufficient rigidity while keeping the robot compact and accessible for 

assembly and testing. 

The main frame was constructed using 20 × 20 mm aluminum sigma profiles. 

Sigma profiles were selected because they provide a good balance between 

strength, weight, modularity, and ease of assembly. Their slot-based geometry 

allows brackets, mounts, and plates to be attached without requiring complex 

machining. This was especially useful during prototype development because the 

positions of several components had to be adjusted during testing. 

Custom 3D-printed PLA parts were used to connect and support different 

mechanical elements of the robot. These parts included motor supports, mechanism 

holders, ramp supports, storage-related mounts, and other connection pieces. PLA 

was suitable for these prototype components because it is easy to manufacture using 

desktop 3D printing, lightweight, and sufficiently rigid for non-critical mounting 

applications. 

The chassis layout was arranged so that the ball intake mechanism is positioned at 

the front of the robot, the storage area is placed behind the intake ramp, and the 

electronics are located within the body of the robot. This layout helps maintain a 

clear collection path from the front intake to the storage area while keeping the main 

electrical and mechanical components inside the robot structure. 

The final structural frame and chassis design are shown in Figure 2.7. 

 

Figure 2.7 Final TRACE chassis and structural frame design 
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The modular frame design also supported maintenance and future modification. 

Since the robot was developed as a prototype, it was important that parts could be 

removed, repositioned, or replaced without redesigning the entire structure. This 

made the chassis suitable for iterative mechanical development and integration with 

the electronic and software subsystems. 

2.2.2 Drive System and Wheel Assembly 

The drive system of the TRACE prototype is based on a differential-drive 

configuration. In this configuration, two main drive wheels are powered 

independently, allowing the robot to move forward, move backward, and rotate by 

changing the relative speed and direction of the left and right wheels. This drive 

type was selected because it is mechanically simple, compatible with ROS 2 mobile 

robot control, and suitable for low-speed motion on flat court-like surfaces [6], [8]. 

Each drive wheel is actuated by a JGB37-520 12 V 333 rpm DC geared motor with 

an integrated encoder. The geared motor provides the required rotational output for 

the wheel, while the encoder provides wheel rotation feedback for odometry testing 

and differential-drive control development. The use of encoded motors was 

important because the robot required more than basic open-loop motion; it also 

needed feedback to support motion estimation and navigation experiments [6]. 

The final wheel diameter is 140 mm, corresponding to a wheel radius of 70 mm. 

This wheel size was selected to provide sufficient ground clearance and stable 

movement while keeping the robot compact. The wheels are mounted on the side 

of the chassis and connected to the drive motors through the wheel mounting 

assembly. The motor supports are fixed to the frame so that the wheels remain 

aligned during motion and turning. 

Passive caster wheels are used to support the remaining weight of the robot and 

maintain balance during movement. The caster wheels allow the chassis to follow 

the motion generated by the two driven wheels without requiring additional 

actuation. This arrangement reduces mechanical complexity while still providing 

stable support for the robot body, storage system, camera mount, battery, and 

electronics. The final drive wheel and support wheel arrangement is shown in 

Figure 2.8. 



43 

 

Figure 2.8 Final drive wheel and caster wheel arrangement of the TRACE 

prototype 

The differential-drive layout also simplified the control structure of the robot. By 

controlling the speed and direction of each drive motor, the robot can perform 

forward motion, backward motion, turning, and alignment toward detected tennis 

balls. This made the drive system suitable for manual PS4 controller operation, 

autonomous ball collection movement, and NAV2-based autonomous navigation 

testing. 

2.2.3 Ball Collection Mechanism 

The ball collection mechanism is positioned at the front of the TRACE prototype 

and is responsible for transferring tennis balls from the court surface into the robot. 

The mechanism uses an active dual-flywheel intake system. When the robot 

approaches a tennis ball, the rotating flywheels contact the ball and pull it toward 

the ramp located behind the intake opening. 

The dual-flywheel design was selected because it provides active contact with the 

tennis ball while keeping the mechanism mechanically simple. Instead of relying 

only on the forward motion of the robot, the flywheels generate additional pulling 

action that helps guide the ball into the collection path. This improves the ability of 

the robot to collect balls even when the ball is not perfectly centered with respect 

to the intake opening [2], [8]. 

Each flywheel is driven by a SunnySky V3508 KV580 brushless DC motor. The 

motors are mounted on custom supports that hold the flywheels at the required 

height and spacing relative to the tennis ball. The spacing between the flywheels 
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and the intake opening was arranged so that a standard tennis ball can enter the 

mechanism while still making contact with the rotating surfaces. 

During prototype testing, the original smooth flywheel surface was not sufficiently 

reliable because the tennis ball could slip during contact. To improve grip, rubber 

bands were added around the flywheel surfaces. This modification increased 

friction and allowed the flywheels to pull the tennis ball more consistently into the 

ramp. The rubber band modification was one of the most important practical 

improvements made to the collection subsystem. The final ball collection 

mechanism is shown in Figure 2.9. 

 

Figure 2.9 Final dual-flywheel ball collection mechanism used in the TRACE 

prototype 

The collection mechanism works together with the ramp and storage box. After the 

flywheels pull the ball inward, the ball is guided upward through the ramp and then 

transferred into the storage area. This arrangement avoids the need for a robotic arm 

or complex lifting mechanism, reducing the number of moving parts and improving 

the practicality of the prototype [1], [3]. 

The final mechanism successfully demonstrated physical ball intake during testing. 

Its performance depended on correct robot alignment, sufficient flywheel speed, 

rubber contact with the ball, and smooth transfer from the intake opening to the 

ramp. Further refinements, such as improved flywheel material, more precise 

spacing adjustment, and a more enclosed intake guide, can improve collection 

reliability in future versions. 
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2.2.4 Ball Ramp and Storage Box 

The ball ramp and storage box are responsible for transferring and holding the 

tennis balls after they enter the intake mechanism. These parts work together with 

the dual-flywheel system to complete the mechanical collection process. After the 

flywheels pull the ball inward, the ramp guides the ball upward and directs it toward 

the storage area. 

The ramp was positioned directly behind the flywheel intake mechanism to create 

a continuous path from the court surface to the storage box. This placement reduces 

the need for additional transfer mechanisms and allows the ball to move through 

the system using the combined effect of flywheel motion, forward robot movement, 

and ramp guidance. The ramp geometry was designed to prevent the ball from 

becoming stuck between the intake and storage areas. 

The storage box is located behind the ramp and is used to temporarily hold collected 

tennis balls during operation. In the early design stage, the intended storage capacity 

was approximately 20 tennis balls. However, in the final prototype, a partially 

completed storage configuration was tested due to manufacturing and prototype 

limitations. This half-box configuration successfully held at least 10 tennis balls 

during testing, which was enough to validate the storage concept and confirm that 

balls could be transferred from the intake mechanism into the storage area. 

The ramp and storage components were designed to be mounted to the main chassis 

using the surrounding frame and custom 3D-printed support parts. This mounting 

approach allowed the storage system to remain stable during robot motion while 

still being accessible for modification and future replacement. Since the system was 

developed as a prototype, modularity was important for testing different ramp and 

storage configurations. The final ball ramp is shown in Figure 2.10. 
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Figure 2.10 Final ball ramp of the TRACE prototype 

The final ramp and storage design successfully supported the ball collection process 

during prototype testing. However, the storage box was not completed at full 

intended capacity. Future improvements should include manufacturing the full 

storage box, improving the unloading method, and validating the complete 20-ball 

storage capacity under repeated collection tests. 

2.2.5 Camera Mount and Electronics Placement 

The camera mount and electronics placement were designed to support perception, 

control, and practical prototype testing. Since the robot uses Kinect-based RGB-D 

perception, the camera had to be mounted in a position that provides a clear forward 

view of the court surface and the area in front of the intake mechanism [5]. This 

placement allows the software to detect tennis balls before they reach the collection 

mechanism and estimate their relative distance using depth information. 

The Kinect camera was mounted at the front upper region of the robot, above the 

ball intake path. This position was selected to reduce visual obstruction from the 

chassis and collection mechanism while keeping the camera aligned with the 

robot’s forward direction. The camera mount was also designed to keep the sensor 
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stable during robot motion, since vibration or misalignment can negatively affect 

image processing and depth estimation. The Kinect camera mounting position is 

shown in Figure 2.11. 

 

Figure 2.11 Kinect camera mounting position on the TRACE prototype 

The electronics were placed inside the robot body on the main chassis area. This 

region contains the Raspberry Pi, Arduino Nano boards, motor driver modules, 

ESCs, buck converter, fuse, wiring, and related control components. The electronics 

were positioned to keep wiring paths manageable and to allow access during testing 

and troubleshooting. 

In the final prototype, the electronics layout was functional but not fully enclosed 

in a final protective cover. This was acceptable for prototype development because 

frequent access was required for wiring changes, controller testing, sensor 

debugging, and software integration. However, for a more complete future version, 

the electronics should be covered with a protective enclosure to improve safety, 

durability, and cable organization. The electronics placement inside the robot is 

shown in Figure 2.12. 

 

Figure 2.12 Electronics placement inside the TRACE prototype 

Overall, the camera mount and electronics placement supported the main functional 

requirements of the prototype. The camera position enabled forward ball detection 

and depth estimation, while the electronics placement allowed the main control, 
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power, and driver components to be integrated within the robot body. Future 

improvements should include a more rigid camera mount, improved cable 

management, and a fully enclosed electronics compartment. 

2.3 Electronic Detailed Design 

This section presents the final electronic design of the TRACE prototype. The 

electronic system is responsible for distributing power, driving the locomotion and 

collection motors, connecting the sensing components, and enabling 

communication between the onboard computer and low-level control hardware. 

The final architecture was developed according to the actual components used in 

the prototype, including the Raspberry Pi, two Arduino Nano boards, BTS7960 

motor drivers, ESCs, Kinect camera, wheel encoders, IMU, XL4015 buck 

converter, and fuse protection. 

Compared with the earlier prototype, the final electronic system became more 

complete and modular. The early version mainly focused on validating basic 

remote-controlled motion, while the final version required separate control of the 

drive motors and ball collection motors, sensor feedback, camera-based perception, 

and ROS 2-based communication. 

2.3.1 Power Distribution Architecture 

The final prototype uses a single 11.1 V LiPo battery as the main power source. 

This battery supplies the high-power motor circuits and the control electronics 

through the required regulation and driver stages. Using one battery simplified the 

wiring architecture and made the system easier to assemble, test, and maintain. 

The Raspberry Pi requires a stable regulated input voltage. For this reason, an 

XL4015 buck converter was used to regulate the battery voltage before supplying 

power to the Raspberry Pi. This helped provide a stable supply for the onboard 

computer during operation and reduced the risk of voltage-related instability. 

The Kinect camera was connected directly in the final prototype without using an 

additional buck converter. Therefore, unlike the earlier design idea, no separate 

XL6009 or additional camera voltage regulation stage was used in the final 

architecture. 



49 

Fuse protection was included in the main power path to reduce the risk of damage 

caused by excessive current or short-circuit conditions. Although the prototype does 

not include an industrial safety circuit, the fuse provides basic electrical protection 

during testing. The final power distribution concept is shown in Figure 2.13. 

 

Figure 2.13 Final power distribution architecture of the TRACE prototype 

2.3.2 Motor Drivers and ESC Connections 

The TRACE prototype uses two different motor-driving methods because the 

locomotion motors and ball collection motors are different motor types. The 

locomotion subsystem uses brushed DC geared motors, while the ball collection 

subsystem uses brushless DC motors. 

The two JGB37-520 DC drive motors are controlled using two BTS7960 motor 

driver modules. Each BTS7960 motor driver is assigned to one drive motor. This 

allows the left and right wheels to be controlled independently, which is required 

for differential-drive motion. The BTS7960 drivers receive control signals from the 

Arduino Nano assigned to the drive subsystem and provide the required current to 

the DC motors. 

The ball collection mechanism uses two SunnySky V3508 KV580 brushless DC 

motors. These motors are controlled using electronic speed controllers. The ESCs 

are necessary because brushless DC motors require electronic commutation and 

cannot be driven directly by a standard brushed DC motor driver. The ESCs receive 
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control signals from the Arduino Nano assigned to the collection subsystem and 

drive the flywheel motors at the required speed for ball intake. 

The use of separate driver systems allowed the locomotion and ball collection 

subsystems to be controlled independently. This made testing easier because the 

drive system and intake system could be operated separately before being used 

together during ball collection experiments. 

2.3.3 Sensor and Microcontroller Connections 

The final electronic architecture uses a Raspberry Pi as the main onboard computer. 

The Raspberry Pi runs the ROS 2 software environment and handles high-level 

processing tasks such as camera data handling, perception, communication, and 

coordination between software modules [6]. 

Two Arduino Nano boards were used for low-level control. One Arduino Nano was 

assigned to the DC drive motor subsystem. This board receives control commands 

and generates the required signals for the BTS7960 motor drivers. It also supports 

the use of encoder feedback from the drive motors for odometry-related testing. 

The second Arduino Nano was assigned to the ball collection subsystem. This board 

generates the control signals for the ESCs that drive the brushless flywheel motors. 

Separating the DC motor control and BLDC motor control into two Arduino Nano 

boards reduced control complexity and made the subsystems easier to test and 

debug. 

The Kinect camera provides RGB and depth information for tennis ball detection 

and distance estimation. The RGB stream is used for color-based ball detection, 

while the depth stream is used to estimate the distance of detected balls. The 

MPU6050 IMU provides inertial feedback, especially angular velocity information, 

which supports motion estimation and navigation-related development. The wheel 

encoders provide rotation feedback from the drive motors. The main electronic 

components and their functions are summarized in Table 2.4. 

Table 2.4 Main electronic components and functions. “Continued…” 

Component Function in the TRACE system 
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Table 2.4 Main electronic components and functions. “Continued…” 

11.1 V LiPo battery Main power source 

Fuse Basic overcurrent and short-circuit protection 

XL4015 buck 

converter 
Voltage regulation for Raspberry Pi power supply 

Raspberry Pi 
Main onboard computer for ROS 2 and high-level 

processing 

Arduino Nano 1 
Low-level control for DC drive motors and encoder 

feedback 

Arduino Nano 2 Low-level control for BLDC flywheel motor ESCs 

BTS7960 motor 

drivers 
Speed and direction control for the DC drive motors 

ESCs Brushless motor control for the flywheel intake motors 

Kinect camera 
RGB image and depth data for ball detection and 

distance estimation 

Wheel encoders Wheel rotation feedback for odometry testing 

MPU6050 IMU Inertial feedback for motion estimation 

2.3.4 Wiring Layout and Signal Paths 

The wiring layout was arranged to separate high-power motor lines from low-power 

signal and control lines as much as possible. The battery supplies the motor drivers, 

ESCs, and voltage regulation stage, while the Raspberry Pi and Arduino Nano 

boards handle communication and control signals. 

The DC drive motor signal path starts from the Raspberry Pi and ROS 2 control 

system. Motion commands are sent to the Arduino Nano assigned to the drive 

subsystem. This Arduino generates the required control signals for the two 
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BTS7960 motor drivers. The BTS7960 modules then drive the left and right JGB37-

520 motors. Encoder feedback from the motors is used for odometry-related testing. 

The ball collection signal path uses the second Arduino Nano. This board sends 

control signals to the ESCs, which drive the two SunnySky brushless motors 

connected to the flywheels. This allows the intake mechanism to be activated 

independently from the locomotion system. 

The sensing signal path includes the Kinect camera, IMU, and wheel encoders. The 

Kinect provides RGB and depth data to the Raspberry Pi. The MPU6050 IMU 

provides inertial feedback for motion estimation. The wheel encoders provide 

rotation feedback from the drive motors and support odometry testing. 

The final wiring layout was kept accessible during prototype testing because 

frequent debugging, wiring changes, and subsystem checks were required. For this 

reason, the prototype used a functional wiring layout rather than a fully enclosed 

commercial-style electronics compartment. The detailed wiring diagram of the final 

electronic system is shown in Figure 2.14 below. Additional electrical evidence are 

provided in Appendix E. 

 

Figure 2.14 Detailed wiring diagram of the final TRACE electronic system 

2.4 Electronic Detailed Design 

The software and control system of TRACE was developed to support the main 

autonomous functions of the robot, including manual motion control, tennis ball 

detection, distance estimation, odometry, mapping, navigation, and autonomous 

ball collection. TRACE is built around a Raspberry Pi 4B running ROS 2 Jazzy [6], 
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with two Arduino Nano boards handling low-level motor control tasks. The system 

combines a differential-drive base, an Xbox 360 Kinect RGB-D camera for 

perception, wheel encoders and an MPU6050 IMU for motion sensing, and a 

brushless-motor-driven flywheel intake mechanism for ball collection. 

The software architecture focuses on the autonomy stack implemented on the 

physical TRACE platform. This stack includes sensor interfacing, coordinate 

transformations, RGB-D perception, visual ball detection and tracking, odometry, 

IMU-based motion sensing, SLAM-based mapping, localization, motion planning, 

and autonomous collection behavior. These functions allow the robot to detect 

tennis balls, estimate their relative positions, move toward selected targets, and 

support autonomous navigation experiments. 

In the final prototype, autonomous ball collection and autonomous navigation were 

both demonstrated; however, they were developed and tested as separate operating 

modes. The complete integration of NAV2-based navigation with continuous 

autonomous ball detection and collection remains a future improvement. 

2.4.1 ROS 2 System Architecture 

The TRACE software stack is built on ROS 2 Jazzy, which provides the node, topic, 

message, and TF abstractions required for modular robot software development [6]. 

These abstractions allow the project’s sensor drivers, perception nodes, state 

estimators, planners, and behavior logic to run as independent communicating 

processes on the Raspberry Pi 4B. Nodes publish and subscribe to topics to handle 

continuous data streams such as sensor readings, odometry, and velocity 

commands. In parallel, the TF system maintains the spatial relationships between 

coordinate frames, including the robot body, sensors, odom frame, and map frame. 

These coordinate relationships are essential for perception, localization, navigation, 

and autonomous ball collection. 

The primary execution structure uses ROS 2 component composition to instantiate 

multiple nodes within a single process where required. This allows related 

components, such as the custom Kinect driver component and image processing 

components, to operate efficiently within the ROS 2 system. In the perception stack, 

the Kinect driver provides RGB and depth data, while additional processing nodes 
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prepare this data for downstream perception, depth estimation, and visualization 

tasks. 

The robot’s physical structure is defined using robot description files. These files 

describe the main robot body, wheel frames, sensor frames, and fixed transforms 

between the robot base and the mounted sensors. The robot_state_publisher node 

parses the robot description and publishes the required TF transforms. This allows 

the robot model to be visualized in RViz and used by other ROS 2 components that 

depend on the TF tree. The ROS 2 robot visualization model is shown in Figure 2.5. 

 

Figure 2.15 ROS 2 robot visualization model of the TRACE prototype 

Motor control is implemented using a layered ROS 2 control structure [6]. The 

diff_drive_controller converts velocity commands published on /cmd_vel into 

individual left and right wheel velocity targets. These commands are sent to 

trace_interface, a custom hardware interface that communicates with the Arduino 

Nano-based motor controller over a serial link. The wheel encoder feedback is used 

to publish wheel joint states to /joint_states, allowing the robot state publisher to 

update dynamic transforms such as wheel rotation. 
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Figure 2.16 Control and software architecture of the TRACE prototype 

This separation of layers makes the system easier to test and modify. The high-level 

ROS 2 control structure can remain mostly unchanged while the hardware-specific 

implementation is handled inside the custom hardware interface and Arduino motor 

control code. The main ROS 2 software layers and nodes used in the TRACE 

prototype are summarized in Table 2.5. 

Table 2.5 Node overview of the ROS 2 architecture. “Continued…” 

Layer Node(s) or module(s) Function 

Drivers 
kinect_ros2, mpu6050_driver, 

trace_interface 

Communicate with the Kinect 

camera, IMU, and low-level 

motor control hardware 

Perception 
kinect_ball_tracker_node, 

light_ball_tracker_node 

Detect tennis balls and 

estimate their relative distance 

State 

estimation 
ekf_filter_node, AMCL 

Fuse odometry-related data 

and estimate the robot pose 

Mapping RTAB-Map Generate a map of the 

operating environment 
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Table 2.5 Node overview of the ROS 2 architecture. “Continued…” 

Planning planner_server, 

controller_server, 

behavior_server, bt_navigator 

Plan and execute 

autonomous navigation 

goals 

Behavior / 

autonomy 

ball_collect_auto_node Select detected tennis balls 

and control close-range 

approach and collection 

behavior 

Control 

controller_manager, 

diff_drive_controller, 

joint_state_broadcaster 

Convert velocity 

commands into wheel 

commands and publish 

joint states 

Teleoperation joy_node, joy_teleop 

Provide manual PS4 

controller operation and 

testing control 

The system can also be viewed as a layered autonomy stack. The hardware layer 

includes the drive motors, encoders, IMU, Kinect camera, and motor control 

hardware. The driver layer provides access to these components through ROS 2 

interfaces. The estimation layer uses wheel encoder and IMU information to 

support odometry and pose estimation, while AMCL estimates the robot pose in 

the map frame using the map and odometry information. The perception layer 

processes Kinect RGB and depth streams to generate tennis ball detections and 

depth values. The planning layer uses the map, costmaps, odometry, and 

localization information to compute and execute navigation paths. The behavior 

layer operates above these components and uses ball detections and odometry to 

support close-range approach and collection. 

Manual control is also integrated into the software stack. The PS4 controller path 

allows joystick commands to be converted into velocity commands for the 

differential-drive controller. The chain from joy_node to /joy, then to joy_teleop, 

/cmd_vel, and diff_drive_controller represents the manual control path used to 
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drive the robot during testing and mapping. This path was important for early 

motion validation, safe testing, mapping, and manual override during development. 

Figure 2.17 shows the ROS 2 computation graph captured after launching the robot 

bringup and mapping-related nodes. The graph shows the relationship between 

teleoperation, robot description, controller manager, Kinect driver, IMU driver, 

state estimation, and mapping components. The robot description chain publishes 

joint states and maintains the TF tree, while the Kinect and IMU drivers run as 

independent nodes and publish their respective sensor topics. The ekf_filter_node 

is launched after the initial bringup stage to allow odometry data to stabilize before 

sensor fusion begins. RTAB-Map is then used for mapping as part of the navigation 

development workflow. 

 

Figure 2.17 ROS 2 computation graph captured during TRACE system bringup 

and mapping operation 

2.4.2 Manual Control and Safety Stop Logic 

Manual control was implemented as one of the first software functions of the 

TRACE prototype. This was necessary because the robot had to be tested safely 

before autonomous behavior was activated. Manual operation was used during early 

motion testing, ball collection mechanism testing, Kinect perception testing, 

RTAB-Map mapping, and general debugging. 

The robot is manually controlled using a PS4 controller. The controller input is 

received in ROS 2 through the joy_node, which publishes joystick button and axis 

values to the /joy topic. These joystick inputs are then converted into velocity 

commands by the joy_teleop node. The resulting linear and angular velocity 



58 

commands are sent to the robot command velocity interface and later converted into 

left and right wheel commands by the differential-drive control system. 

This manual control structure allowed the operator to command forward motion, 

backward motion, turning, and stopping. It also allowed the robot to be positioned 

safely during mapping and perception tests. Since the prototype includes exposed 

mechanical and electrical components during development, manual control was 

important for safe testing and quick intervention. 

The safety stop logic was implemented at the software operation level. When the 

operator releases the controller input or activates the defined stop command, the 

commanded linear and angular velocities are set to zero. This stops the differential-

drive motors through the control pipeline. Although the prototype includes fuse 

protection in the electrical system, it does not include a dedicated industrial 

emergency stop circuit. Therefore, the PS4 controller stop function was used as the 

main operational stop method during testing. 

Manual control was kept available even after autonomous functions were added. 

This allowed the operator to override or interrupt robot motion during tests when 

needed. The manual control path is also visible in the ROS 2 computation graph, 

where joystick input is converted into velocity commands before reaching the 

differential-drive controller. 

2.4.3 Differential Drive Control and Encoder Feedback 

The TRACE prototype uses a differential-drive motion system. In this 

configuration, the robot has two independently driven wheels, one on the left side 

and one on the right side. By changing the relative speeds and directions of these 

two wheels, the robot can move forward, move backward, rotate in place, and 

follow curved paths. This drive configuration was selected because it is 

mechanically simple and compatible with ROS 2 mobile robot control tools. 

The high-level motion command is represented as a velocity command containing 

linear velocity and angular velocity. The differential-drive controller converts this 

command into individual left and right wheel velocity targets. When both wheels 

rotate in the same direction at the same speed, the robot moves straight. When the 
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wheels rotate at different speeds, the robot turns. When the wheels rotate in opposite 

directions, the robot can rotate in place. 

The wheel velocity relationship can be described using the standard differential-

drive model [6]. The linear velocity of the robot depends on the average speed of 

the two wheels, while the angular velocity depends on the difference between the 

left and right wheel speeds. This allows a single robot velocity command to be 

translated into two wheel commands. The differential-drive kinematic model used 

for the TRACE prototype is shown in Figure 2.18. 

 

Figure 2.18 Differential-drive kinematic model used for robot velocity and wheel 

velocity calculation 

In the TRACE control architecture, the velocity commands are passed from the 

ROS 2 control layer to the custom hardware interface. The hardware interface 

communicates with the Arduino Nano assigned to the DC drive motor subsystem 

through a serial connection. The Arduino Nano then generates the required control 

signals for the BTS7960 motor driver modules. Each BTS7960 driver controls one 

JGB37-520 DC geared  motor. The closed-loop speed control structure used for 

each drive motor is shown in Figure 2.19. The commanded wheel velocity is 

compared with the measured encoder velocity, and the resulting error is processed 

by a PID controller to generate the PWM duty cycle for the BTS7960 motor driver. 
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Figure 2.19 Closed-loop PID speed control structure for each DC drive motor 

Encoder feedback from the drive motors is used to measure wheel rotation. This 

feedback allows the system to estimate wheel movement and support odometry-

related operation. The encoder data is used to publish wheel state information, 

which is then used by the robot state and odometry components. This feedback is 

important because open-loop motor commands alone cannot accurately represent 

the real movement of the robot, especially when small wheel slip, uneven contact, 

or load variation occurs [6]. 

The differential-drive control structure therefore connects the high-level ROS 2 

velocity command to the physical motor system. The command path starts from 

manual control or autonomous navigation, passes through the command velocity 

interface and differential-drive controller, reaches the Arduino Nano through the 

hardware interface, and finally drives the left and right DC motors through the 

BTS7960 modules. Encoder feedback closes the loop by providing wheel rotation 

information back to the ROS 2 system. 

2.4.4 IMU and Odometry Integration 

The TRACE prototype uses an MPU6050 inertial measurement unit to support 

motion estimation and odometry-related development. The MPU6050 is a six-axis 

sensor that contains a three-axis accelerometer and a three-axis gyroscope in a 

single module. It is used to measure acceleration and rotational motion, allowing 

the system to obtain inertial feedback during robot movement. In this project, the 

MPU6050 was used together with wheel encoder feedback to support localization 

and odometry-related operation. The IMU was connected to the Raspberry Pi 
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through the I²C communication interface. The MPU6050 module used for inertial 

feedback is shown in Figure 2.20. 

 

Figure 2.20 MPU6050 inertial measurement unit used for motion sensing in the 

TRACE prototype 

The IMU driver was implemented as a ROS 2 node that interfaces with the 

MPU6050 over the I²C bus using the smbus library. The device address used for 

communication is 0x68. On startup, the init_i2c() function configures the required 

sensor registers. The sample rate divider register is configured using 

SMPLRT_DIV = 7, the power management register is configured using 

PWR_MGMT_1 = 1, and the gyroscope X-axis is selected as the clock source to 

improve stability. The digital low-pass filter is configured using CONFIG = 3, 

which applies an approximately 44 Hz cutoff to reduce high-frequency vibration 

noise. The gyroscope configuration register is set using GYRO_CONFIG = 0, 

selecting the ±250°/s full-scale range with a sensitivity of 131 LSB per °/s. The 

interrupt enable register is configured using INT_ENABLE = 1 to activate data-

ready interrupts. 

If an OSError occurs during communication, indicating a temporary loss of I²C 

connectivity, the driver sets an internal connection flag to false and attempts 

reconnection on the next timer cycle. This improves robustness against transient 

communication failures during operation. 

Before publishing IMU data, a one-time gyroscope bias calibration is performed. A 

single-shot timer triggers the calibration process after startup, while the robot is 

stationary. The driver collects 500 raw gyroscope samples at 2 ms intervals and 

calculates average bias offsets for the gyroscope axes. These offsets are stored as 

gyro_bias_x, gyro_bias_y, and gyro_bias_z, and are subtracted from subsequent 

gyroscope measurements. This reduces constant zero-rate drift, which would 
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otherwise accumulate into heading error during motion estimation. Data publishing 

is blocked until the calibration process is completed. 

The main publishing loop runs at 20 Hz, corresponding to a timer period of 0.05 s. 

Accelerometer axes are read as signed 16-bit values and converted to m/s² using the 

±2g scale factor of 16384 LSB/g multiplied by gravitational acceleration. The 

gyroscope axes are read in a single burst transaction using read_gyro_burst(), 

which helps keep the gyroscope measurements synchronized. The raw gyroscope 

values are bias-corrected, divided by 131 LSB/(°/s), and converted to rad/s. 

The processed accelerometer and gyroscope data are published as a standard 

sensor_msgs/Imu message stamped with the current ROS clock. The covariance 

fields of the IMU message are configured according to how the data is used in the 

odometry system. Since the MPU6050 does not provide a reliable absolute 

orientation estimate by itself, orientation_covariance[0] = -1 is used to indicate 

that the orientation field should not be fused as an absolute orientation 

measurement. Similarly, linear_acceleration_covariance[0] = -1 is used to disable 

accelerometer fusion, since linear acceleration measurements on a wheeled robot 

can be affected by translational motion and do not always represent gravity reliably. 

In the final odometry setup, the IMU is mainly used for angular velocity 

information. The angular velocity covariance is assigned a diagonal variance of 

approximately 4 × 10⁻⁵ (rad/s)² on all axes. This allows the odometry system to use 

gyroscope yaw-rate information together with wheel encoder feedback to support a 

more stable heading estimate. 

 

Extended Kalman Filter-Based Sensor Fusion 

The TRACE localization stack uses two main sources of odometry-related 

information: wheel encoder data from the differential-drive base and inertial 

measurements from the MPU6050 IMU. Individually, each sensor has limitations. 

Wheel encoder odometry can accumulate drift due to wheel slip, uneven surface 

contact, and small calibration errors. The IMU gyroscope can also drift over time 

due to bias when angular velocity is integrated [6]. For this reason, sensor fusion 

was used to combine both measurements and obtain a more stable motion estimate 

[6], [7]. 
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The Extended Kalman Filter was used because the differential-drive motion model 

is nonlinear with respect to the robot heading angle [6], [7]. The estimated state 

vector represents the robot pose in the 2D plane as: 

[𝑥, 𝑦, 𝜃] 

where (x) and (y) represent the planar position of the robot, and (\theta) represents 

its heading angle. Linear velocity (v) and angular velocity (\omega) are derived 

from the differential-drive motion model and used to propagate the robot state 

forward. 

The motion model is expressed as: 

𝑥(𝑡 + 1)  =  𝑥(𝑡)  +  𝑣 ∙  𝑐𝑜𝑠(𝜃)  ∙  𝑑𝑡 2.1  

𝑦(𝑡 + 1)  =  𝑦(𝑡)  +  𝑣 ∙ 𝑠𝑖𝑛(𝜃)  ∙  𝑑𝑡 2.2  

𝜃(𝑡 + 1)  =  𝜃(𝑡)  +  𝑤 ∙  𝑑𝑡 2.3 

Since this model depends nonlinearly on θ, the EKF linearizes the system at each 

time step using the Jacobian of the state transition function with respect to the state. 

This linearization step is the main difference between the Extended Kalman Filter 

and the standard Kalman Filter. 

In the implemented localization setup, wheel odometry and IMU angular velocity 

data are provided to the robot localization system. The fused estimate is published 

as an odometry output, such as /odometry/filtered, and is used to support the robot’s 

pose estimation and navigation-related operation. 

A conceptual form of angular velocity fusion can be represented using inverse-

variance weighting. In this approach, encoder-derived angular velocity and IMU 

gyroscope angular velocity are combined according to their uncertainty:  

𝑤𝑓𝑢𝑠𝑒𝑑  =  

𝑊𝑜𝑑𝑜𝑚

𝜎𝑜𝑑𝑜𝑚
2 +

𝑊𝑖𝑚𝑢

𝜎𝑖𝑚𝑢
2

1
𝜎𝑜𝑑𝑜𝑚

2 +
1

𝜎𝑖𝑚𝑢
2

 2.4 

This means that measurements with lower variance have a stronger influence on the 

final estimate. The same principle is important in sensor fusion because the 

estimator should trust more reliable measurements more than uncertain ones. 
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On the physical robot, sensor fusion was handled using the robot_localization EKF 

node [6]. The node consumes wheel odometry and IMU data and produces a fused 

odometry estimate for the robot. The update rate was configured according to the 

processing limitations of the Raspberry Pi 4B so that the system could maintain 

stable performance during operation. The EKF-based sensor fusion architecture 

used in TRACE is shown in Figure 2.21. 

 

Figure 2.21 EKF architecture used for IMU and wheel encoder sensor fusion in 

TRACE 

2.4.5 Kinect-Based Ball Detection and Depth Estimation 

The TRACE perception system uses an Xbox 360 Kinect sensor as its primary 

RGB-D sensing device. The camera provides a color image resolution of 640 × 480 

pixels at a frame rate of approximately 30 FPS, which is sufficient for real-time 

tennis ball detection and tracking. The Kinect has an approximate horizontal field 

of view of 57°, allowing the robot to monitor a wide area in front of the platform 

while maintaining adequate target resolution. The depth sensor operates within a 

practical range of approximately 0.5 m to 4.5 m, which defines the detection limits 

used by the tracking algorithm. Objects outside this range are ignored to prevent 

unreliable distance measurements. The Kinect camera used in the TRACE 

prototype is shown in Figure 2.22. 
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Figure 2.22 Xbox 360 Kinect RGB-D camera used as the primary perception 

sensor 

The Kinect sensor requires both data and power connections. Data communication 

is established through a standard USB connection to the onboard computer running 

ROS 2. Unlike typical USB cameras, the Xbox 360 Kinect also requires an external 

power supply. In the final prototype, the Kinect was connected directly without 

using an additional buck converter. This differs from earlier wiring concepts, where 

a separate regulated power stage was considered for the camera. The camera 

implementation and connection arrangement are shown in Figure 2.23. 

 

Figure 2.23 Kinect camera implementation and connection arrangement in the 

TRACE prototype 

The Kinect is mounted at the front of the robot chassis to maximize visibility of the 

operating area and minimize occlusions caused by the robot structure. The sensor 

is positioned at a fixed height above the ground and angled slightly downward 
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toward the expected location of tennis balls. This mounting arrangement improves 

ground-level target visibility and provides reliable depth measurements within the 

collection zone. The mounting height and tilt angle are also important parameters 

for coordinate transformation calculations and for identifying blind spots that may 

exist directly in front of the robot or outside the sensor’s field of view. The Kinect 

mounting on the TRACE prototype is shown in Figure 2.24. 

 

Figure 2.24 Kinect camera mounted on the TRACE prototype for perception 

testing 

The system uses the Xbox 360 Kinect sensor connected to ROS 2 through the 

libfreenect driver. First, the Kinect device is initialized using the freenect_init() 

function. After initialization, the sensor is configured to provide depth data in 

millimeters by selecting the appropriate depth mode “FREENECT DEPTH”. In 

the implementation, the Kinect depth stream is used to obtain distance 

measurements from the camera for further processing. This allows the perception 

node to combine RGB-based tennis ball detection with depth-based distance 

estimation. 

 

Memory Management and Real-Time Data Handling 

Since the Kinect sensor publishes RGB and depth data at approximately 30 FPS, 

efficient memory handling is important for maintaining real-time performance on 
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the Raspberry Pi. If every incoming image frame is repeatedly copied in memory, 

the CPU load increases and the perception node may become slower. To reduce this 

overhead, the ROS 2 perception node avoids unnecessary memory copies where 

possible and converts incoming image messages directly into OpenCV cv::Mat 

structures. 

For the depth image, the data is mapped into an OpenCV matrix using the image 

height, width, pixel format, message data pointer, and row step size. This allows 

OpenCV to access the image data efficiently instead of performing pixel-by-pixel 

copying. The representative depth frame conversion structure is shown below: 

 

cv::Mat depth( 

height,  

width,  

CV_16UC1,  

const_cast(msg->data.data()), 

step);  

 

After the depth matrix is created, the frame is cloned and stored for use by the ball 

detection and distance estimation process: 

 

depth_frame = depth.clone(); 

 

The latest depth frame is stored in shared memory and protected using a mutex to 

ensure safe access from different callbacks. This is important because RGB 

detection and depth processing may access the stored depth frame at different 

moments during execution. The representative storage structure is shown below: 

 

std::lock_guard<std::mutex> lock(depth_mutex_); 

latest_depth_ = depth_frame; 

have_depth_ = true; 
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This approach reduces unnecessary memory operations and helps the system 

maintain real-time performance while executing object detection and depth 

estimation. The memory management and data flow architecture of the 

KinectBallTrackerNode is shown in Figure 2.25. 

 

Figure 2.25 Memory management and data flow architecture of the 

KinectBallTrackerNode 

 

Raw Data Pipeline and Format Conversion 

The raw data pipeline transfers RGB and depth data from the Kinect sensor into the 

ROS 2 perception system. The Kinect publishes image streams that must be 

converted into formats suitable for OpenCV-based processing. This conversion step 

is important because the ball detection algorithm depends on RGB image 

processing, while the distance estimation algorithm depends on depth image data. 

To support real-time performance, the pipeline uses direct memory mapping and 

reduced-copy data handling where possible. Incoming ROS 2 image messages are 

converted into OpenCV matrix structures so that the image data can be processed 

efficiently. This reduces unnecessary processing overhead and helps the perception 

node maintain stable performance while handling high-frequency Kinect data. 

The RGB data is prepared for color-based tennis ball detection, while the depth data 

is prepared for distance estimation. After conversion, the RGB frame is used for 

color segmentation, contour detection, and ball center extraction. The 
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corresponding depth frame is then used to estimate the distance of each detected 

ball by sampling depth values around the detected ball center. The raw data flow 

from the Kinect sensor to the perception node is shown in Figure 2.26. 

 

Figure 2.26 Raw RGB and depth data pipeline used by the Kinect perception 

system 

The RGB stream is used to detect tennis balls based on their color and shape, while 

the depth stream is used to estimate the distance of each detected ball. By combining 

these two data streams, the robot can identify tennis balls and prioritize targets 

according to their relative distance from the robot. This RGB-D sensing approach 

is important because color detection alone can identify the ball in the image, but 

depth information is needed to estimate how far the ball is from the robot. 

 

Color-Based Object Detection 

The tennis ball detection system uses the RGB image stream from the Kinect 

camera. First, the image is converted from RGB color space to HSV color space 

because HSV representation is less affected by lighting changes compared with 

direct RGB values [5], [8]. A color filter is then applied to detect the yellow-green 

color range of tennis balls. 

To reduce noise in the segmented image, Gaussian filtering and morphological 

opening and closing operations are applied [5], [8]. After filtering, contours are 

extracted from the binary image. Each detected contour is checked using geometric 
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conditions such as area, circularity, convexity, and radius. Only contours that match 

the expected size and shape of a tennis ball are accepted as valid detections. 

 

Depth-Based Distance Estimation 

After a tennis ball is detected in the RGB image, its center coordinates are mapped 

to the corresponding depth image. Since depth measurements may contain noise, 

the system samples multiple depth pixels around the ball center instead of using a 

single pixel value. The sampled area covers approximately 80 percent of the 

detected ball radius, which helps obtain a more reliable depth measurement. 

For example, let the center of the detected ball in the 2D image plane be (cx, cy), 

and let its detected pixel radius be r. The sampling radius rsample is defined as: 

 

rsample = 0.8 x r 

 

To extract the corresponding depth values, a rectangular region of interest is 

established around the center coordinate. The boundaries of this region are 

calculated as: 

 

xmin = max(0, cx - rsample) 

 

xmax = min(W, cx + rsample) 

 

ymin = max(0, cy - rsample) 

 

ymax = min(H, cy + rsample) 

 

where W and H represent the total width and height of the depth image. These limits 

prevent out-of-bounds indexing during depth sampling. 
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Let D represent the depth image matrix. The system isolates the pixels within the 

selected region of interest and filters out invalid sensor readings, such as zero values 

or distances outside the operating range of the Kinect sensor. The robust distance 

estimate Z is then obtained by calculating the median of the valid sampled pixels: 

 

Z = median(Dvalid[ymin:ymax, xmin:xmax]) 

 

Using the median value reduces the effect of extreme outliers and produces a more 

stable depth estimate for the detected tennis ball. 

 

RGB-D Sensor Fusion Alignment 

The depth samples are filtered to remove unrealistic values outside the Kinect 

operating range of approximately 0.5 m to 4.5 m. The median depth value is then 

calculated because it is less sensitive to sensor noise and outlier pixels. 

Finally, the RGB and depth information are combined. The detected ball center 

provides the 2D pixel position of the target in the RGB image, while the depth 

image provides the estimated distance of the target from the camera. This fused 

RGB-D observation allows the robot to identify tennis balls and estimate their 

relative distance for target selection and autonomous collection. 

The fused ball observations are published as a ROS 2 PoseArray message so that 

other system components can use the detected ball positions during autonomous 

behavior. 

2.4.6 SLAM Mapping, Localization, and NAV2 Navigation 

The autonomous navigation pipeline of TRACE combines RTAB-Map for 

mapping, AMCL for localization within a pre-built map, and the NAV2 stack for 

path planning and motion control [5], [6]. The system relies on EKF-fused 

odometry, a static map generated using RTAB-Map, and laser scan data for 

localization and obstacle-aware navigation. 
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Before autonomous navigation can begin, a map of the environment must be 

available. This map is generated during an offline mapping stage using RTAB-Map 

and saved in a format compatible with the NAV2 map server. During navigation, 

the map is loaded once at startup and remains static while the robot localizes and 

plans paths within it. 

 

RTAB-Map Mapping 

TRACE builds its environmental map using RTAB-Map, a graph-based RGB-D 

SLAM system [5], [6]. RTAB-Map uses the Kinect RGB and depth streams as 

primary sensory inputs. The front-end extracts visual features from the RGB-D 

stream and matches them across consecutive frames to estimate relative camera 

motion. The back-end maintains a pose graph made of keyframes connected 

through odometry and loop-closure constraints. This graph is optimized to reduce 

accumulated drift and improve the global consistency of the map. 

The mapping process also uses EKF-fused odometry, published on 

/odometry/filtered, as a motion prior between keyframes. This helps stabilize 

frame-to-frame estimation and improves mapping consistency during robot motion. 

RTAB-Map was run directly on the Raspberry Pi instead of on a remote 

development laptop. When mapping was attempted remotely over Wi-Fi, TF 

extrapolation errors occurred due to clock drift and synchronization issues between 

the two machines. Running RTAB-Map locally on the Raspberry Pi removed this 

dependency on network timing and reduced synchronization-related TF errors. 

 

Mapping Procedure 

Mapping was launched using the RTAB-Map mapping launch file. During 

mapping, the robot was manually driven through the environment using the PS4 

controller at low speed. Manual driving allowed the operator to control the robot 

smoothly and reduce sudden camera motion. This helped RTAB-Map select stable 

keyframes and produce a more consistent pose graph. 

Loop closure occurs when the robot revisits previously mapped areas. At these 

points, RTAB-Map identifies matching visual features and adds loop-closure 
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constraints between the current pose and earlier keyframes. These constraints are 

then used during pose graph optimization to reduce drift and improve the 

consistency of the generated map. 

 

Localization Using AMCL 

After the map is generated, localization is performed using AMCL. The localization 

launch file starts the NAV2 map server and AMCL lifecycle nodes. The map server 

loads and serves the static map, while AMCL estimates the robot pose within the 

map using Adaptive Monte Carlo Localization [6], [7]. 

AMCL uses a particle filter, where each particle represents a possible hypothesis of 

the robot pose. These particles are evaluated using incoming /scan data and the 

static map. As the robot moves, particles are propagated using a differential-drive 

motion model and resampled according to how well each hypothesis matches the 

sensor data [6], [7]. 

AMCL publishes the map → odom transform, while the EKF-based odometry 

system publishes the odom → base_link transform. Together, these transforms 

create the complete chain from the global map frame to the robot base frame. This 

transform chain is required by the NAV2 planner, controller, costmaps, and 

visualization tools. 

 

NAV2 Path Planning and Control 

The NAV2 stack is used for autonomous path planning and motion execution [6]. 

NAV2 components use the fused odometry output, such as /odometry/filtered, 

rather than relying only on raw wheel encoder odometry. This allows the planner 

and controller to use the odometry estimate produced by the encoder and IMU 

fusion process. 

Two costmaps are maintained in the navigation system. The global costmap 

represents the full mapped environment and is used for global path planning. It 

combines the static map with obstacle information. The local costmap is a smaller 

rolling window centered around the robot and is used for real-time obstacle 
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avoidance during path execution. Both costmaps include an inflation layer around 

obstacles to provide a safety margin during planning and control. 

When a navigation goal is received, the behavior tree navigator calls the planner 

server. The planner server uses the NavfnPlanner plugin to compute a global path 

over the global costmap from the robot’s current pose to the goal [6]. This planner 

is based on grid-based search and generates a sequence of waypoints that avoids 

occupied and inflated obstacle regions. 

The computed global path is then passed to the controller server. The controller 

follows the path using the Regulated Pure Pursuit controller [6]. At each control 

cycle, the controller selects a lookahead point on the path and computes the required 

angular velocity to steer the robot toward it. The linear velocity is regulated 

according to path curvature and obstacle proximity, allowing the robot to slow 

down near tight turns or obstacles. 

The controller outputs velocity commands to the navigation command topic. These 

commands pass through the command multiplexing structure before reaching 

/cmd_vel and the differential-drive controller. This allows manual teleoperation 

and autonomous navigation to share the same command interface without conflict. 

If the controller fails to make progress, the behavior server can trigger recovery 

behaviors such as spinning in place, backing up, or driving along a fixed heading. 

These recovery actions are coordinated by the behavior tree navigator, which 

attempts recovery and replanning before continuing navigation. 

Overall, the navigation flow starts with pose estimation from AMCL and EKF-

fused odometry. The planner computes a global path, the controller follows the path 

while monitoring the local costmap, and velocity commands are sent through the 

command interface to the differential-drive system. 

2.4.7 Track Management and Autonomous Ball Collection Mode 

The autonomous ball collection behavior is implemented in the 

ball_collect_auto_node, which maintains a persistent registry of detected balls and 

controls a state machine to locate, approach, and collect tennis balls one at a time. 

This node operates above the perception and odometry layers. It receives ball 

detections from the Kinect-based perception system, stores confirmed ball 
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positions, selects a target, and generates robot motion commands for close-range 

collection. 

The track management system is required because raw ball detections may appear 

and disappear between camera frames due to noise, occlusion, or changes in the 

robot viewpoint. Instead of reacting to every single detection immediately, the node 

confirms detections over multiple frames and stores valid balls in a registry. This 

makes the autonomous collection behavior more stable and reduces false target 

selection. 

The autonomous collection node operates as a five-state machine: IDLE, 

ORIENTING, APPROACHING, NAVIGATING, and COLLECTED. The track 

management state machine is shown in Figure 2.27. 

 

Figure 2.27 Track management state machine used by the autonomous ball 

collection node 

In the IDLE state, the node checks the ball registry for any uncollected balls. If a 

valid ball exists, it is selected as the target and the node transitions to the 

ORIENTING state. 

In the ORIENTING state, the robot rotates in place to center the target ball in the 

camera frame. Once the ball’s pixel x-coordinate is within a defined dead zone 

around the image center, the node locks onto the target ball and transitions to the 
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APPROACHING state. At this stage, the flywheel intake motors are enabled to 

prepare for collection. 

In the APPROACHING state, the robot drives forward at a fixed speed while 

applying small angular corrections to keep the locked ball centered in the camera 

frame. If the ball count drops to zero after the approach, collection is assumed to be 

successful and the node transitions to the COLLECTED state. If the target ball is 

lost from the camera view before collection, the node transitions to the 

NAVIGATING state. 

The NAVIGATING state is used when a targeted ball leaves the camera’s field of 

view before collection. In this state, the robot drives toward the last known ball 

position stored in the odom frame using a proportional heading controller. If the 

camera detects the ball again during this movement, the node immediately returns 

to the APPROACHING state. If the robot reaches the stored position without 

detecting the ball again, it waits briefly and then removes the ball from the registry 

if a timeout occurs. 

In the COLLECTED state, the intake motors are disabled, the collected ball is 

removed from the registry, and the node returns to the IDLE state to select the next 

available target. 

 

Track Initiation and Confirmation 

Raw ball detections are received in each camera frame as pixel coordinates and 

depth measurements. However, a detection is not accepted as a valid track 

immediately because camera noise or temporary misclassification can create false 

detections. To improve reliability, each detection is grouped using a coarse key. 

The pixel x-coordinate is rounded to the nearest 10 pixels, and the depth value is 

rounded to the nearest 0.1 m. 

The system then checks whether the same coarse key appears consistently in 

consecutive frames. If a candidate detection is observed for a predefined number of 

frames, which was 10 frames by default, it is promoted to a confirmed track and 

added to the ball registry. If the candidate disappears before confirmation, it is 

removed. This approach reduces false tracks and helps keep the registry free of 

outdated or unreliable detections. 
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Coordinate Transformation 

When a candidate is confirmed, its pixel position and depth value are back-

projected into 3D using the camera model. This produces a point in the camera 

optical frame. The point is then transformed into the odom frame using the robot’s 

TF tree. The resulting (x, y) position in the odom frame is stored as a ball entry 

with a unique ID. 

This coordinate transformation allows the ball position to remain persistent even as 

the robot moves. Instead of storing the ball only as an image-space detection, the 

system stores the estimated ball location relative to the robot’s odometry frame. 

This is important for navigation toward a ball that may temporarily leave the 

camera’s field of view. The RViz visualization and live Kinect feed during a 

collection run are shown in Figure 2.28. 

 

Figure 2.28 RViz visualization and live Kinect feed during autonomous ball 

collection 

 

Data Association 

Before a newly confirmed candidate is added to the registry, its odom-frame 

position is compared with all existing registered ball entries. If the candidate is 

located within 0.3 m of an already registered ball, it is treated as a re-detection of 

the same physical ball instead of a new ball. In this case, the duplicate candidate is 

discarded. 



78 

This proximity check acts as the data association mechanism of the node. It prevents 

duplicate registrations of the same tennis ball when the robot viewpoint changes or 

when the same ball is detected again from a slightly different camera position. 

 

Target Selection 

When the node is in the IDLE state and multiple uncollected balls exist in the 

registry, the nearest ball is selected as the next target. The nearest ball is determined 

based on Euclidean distance from the robot’s current odom-frame position. This 

target selection method reduces unnecessary movement by prioritizing the closest 

available tennis ball. 

The target selection and state transition behavior were verified during autonomous 

collection testing. Console output showing ball registration, target selection, state 

transitions, and successful collection is provided in Chapter 5 and Appendix G as 

test evidence. 

2.5 System Architecture and Data Flow 

The TRACE prototype was designed as an integrated mechatronic system that 

combines mechanical structure, electronic control, ROS 2 software, perception, 

navigation, and ball collection. The purpose of the system architecture is to show 

how the main subsystems interact with each other and how information flows from 

sensors to processing units, then to motor control and mechanical actuation. 

At the highest level, TRACE consists of a Raspberry Pi 4B running ROS 2 Jazzy, 

two Arduino Nano boards for low-level control, an Xbox 360 Kinect RGB-D 

camera for ball detection and depth estimation, wheel encoders and an MPU6050 

IMU for motion feedback, DC geared motors for locomotion, and brushless DC 

motors for the flywheel intake mechanism. These components are mounted on the 

mechanical chassis, which supports the drive system, intake mechanism, storage 

area, camera mount, battery, and electronic modules. The overall system 

architecture of TRACE is shown in Figure 2.29. 
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Figure 2.29 Overall system architecture of the TRACE prototype 

The Raspberry Pi acts as the main processing unit of the robot. It receives sensor 

data from the Kinect camera, IMU, and encoder feedback system. It also runs the 

main ROS 2 nodes responsible for robot description, manual control, perception, 

odometry, mapping, localization, navigation, and autonomous ball collection. The 

Raspberry Pi does not directly drive the motors. Instead, it sends control commands 

to the Arduino Nano boards, which generate the required low-level signals for the 

motor drivers and ESCs. 

The first Arduino Nano is assigned to the differential-drive locomotion subsystem. 

It receives motion commands from the Raspberry Pi through the control interface 

and sends control signals to the BTS7960 motor driver modules. Each BTS7960 

driver controls one JGB37-520 DC geared motor. Encoder feedback from the drive 

motors is returned to the software system to support wheel state feedback and 

odometry-related operation. 

The second Arduino Nano is assigned to the ball collection subsystem. It sends 

control signals to the ESCs that drive the two SunnySky V3508 KV580 brushless 

motors. These motors rotate the flywheels that pull tennis balls into the ramp and 

storage area. This separation between locomotion control and intake control makes 

the system easier to test, debug, and operate. 
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The perception data flow starts from the Kinect RGB-D camera. The RGB stream 

is processed using HSV color filtering, morphological operations, and contour-

based shape analysis to detect tennis balls. The depth stream is then used to estimate 

the distance of detected balls. The ball tracking node combines RGB and depth 

information and provides target information to the autonomous collection behavior. 

The motion control data flow starts from one of the command sources: the PS4 

controller, the autonomous collection node, or the NAV2 navigation stack. These 

commands are represented as velocity commands and passed through the ROS 2 

control structure. The differential-drive controller converts the commanded linear 

and angular velocity into left and right wheel commands. These commands are 

transferred to the Arduino Nano and motor drivers, resulting in physical robot 

motion. 

The navigation data flow uses odometry, IMU feedback, map information, and 

localization. Wheel encoder feedback and IMU angular velocity support odometry 

estimation through the EKF-based localization structure. RTAB-Map is used to 

generate the environmental map, AMCL is used to localize the robot within the 

saved map, and NAV2 is used for goal-based path planning and motion execution. 

The operating logic of the TRACE system is shown in Figure 2.30. 

 

Figure 2.30 System logic flowchart of TRACE autonomous operation 

The system logic begins with powering the robot and establishing the required 

ROS 2 connections. After initialization, the robot waits for user input or an 

operating command. In manual mode, the PS4 controller can be used to move the 

robot and test the subsystems. In autonomous collection mode, the Kinect camera 
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detects tennis balls, estimates their distance, and sends target information to the 

autonomous collection node. The robot then aligns itself with the selected ball, 

moves toward the target, activates the flywheel intake mechanism, collects the 

ball, and continues searching for additional balls. 

The final prototype includes two autonomous operating modes. In the autonomous 

ball collection mode, the robot uses Kinect-based perception and close-range 

control to detect, approach, and collect tennis balls. In the autonomous navigation 

mode, the robot uses RTAB-Map, AMCL, and NAV2 to localize and navigate 

within a saved map. Both functions were demonstrated on the final prototype; 

however, they were not fully merged into a single continuous mission pipeline. 

Full integration of NAV2 navigation with autonomous ball search and collection 

is therefore considered a future improvement. The main subsystem inputs and 

outputs are summarized in Table 2.6. 

Table 2.6 Main subsystem inputs and outputs in the TRACE architecture 

“Continued…” 

Subsystem Main input Main output Function 

Kinect 

perception 

system 

RGB and depth 

images 

Ball detections 

and distance 

estimates 

Detect tennis balls 

and estimate their 

relative distance 

IMU 

subsystem 

Acceleration and 

angular velocity 

data 

IMU feedback 

for odometry 

support 

Provide inertial 

motion feedback 

Encoder 

subsystem 

Wheel rotation 

signals 

Wheel state and 

odometry 

feedback 

Support motion 

estimation 

ROS 2 control 

system 

Velocity 

commands 

Left and right 

wheel commands 

Convert motion 

commands into 

wheel targets 
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Table 2.6 Main subsystem inputs and outputs in the TRACE architecture 

“Continued…” 

Drive motor 

subsystem 

BTS7960 

driver signals 

Robot locomotion Move and steer the 

robot 

Ball collection 

subsystem 

ESC control 

signals 
Flywheel rotation 

Collect tennis balls 

into the robot 

Mapping 

subsystem 

RGB-D data 

and odometry 
Environmental map 

Generate a map of 

the operating area 

Localization 

subsystem 

Map, scan 

data, and 

odometry 

Robot pose estimate 

Estimate robot 

position within the 

map 

NAV2 

navigation 

subsystem 

Goal pose and 

robot pose 

Navigation velocity 

commands 

Plan and execute 

autonomous 

navigation 

Autonomous 

collection node 

Ball detections 

and odometry 

Approach and 

collection 

commands 

Select and collect 

detected tennis 

balls 
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3 

PROCUREMENT AND MANUFACTURING  

 

 

This chapter presents the procurement and manufacturing process of the TRACE 

prototype. While Chapter 2 explained the detailed design of the mechanical, 

electronic, and software subsystems, this chapter focuses on the practical realization 

of the prototype. It describes the components obtained for the robot, the parts 

manufactured by the team, the materials used during production, and the assembly 

process followed to build the final system. 

The prototype was developed using a combination of newly purchased components, 

components available in the M2Lab inventory, and custom-manufactured 3D-

printed parts. This approach reduced cost, shortened the manufacturing time, and 

allowed the team to modify the robot during development. Several parts were tested 

first using available inventory materials before being converted into final 3D-

printed PLA components. 

3.1 Procurement of Mechanical Components 

The mechanical procurement process focused on obtaining the structural, motion, 

mounting, and fastening components required to build the robot chassis and support 

the ball collection system. The final mechanical structure was based on 20 × 20 mm 

aluminum sigma profiles. A total profile length of approximately 1800 mm was 

used. These profiles were already available in the M2Lab inventory and were 

therefore reused instead of being newly purchased. 

The drive wheels used in the final prototype had a diameter of 140 mm and were 

also available in the M2Lab inventory. The wheels were connected to the drive 

motors using brass hex couplers that were already available in the laboratory. 
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Passive caster support was used to balance the chassis. Two caster wheels were 

purchased, and one was used in the final prototype. The caster wheel diameter was 

approximately 90 mm. 

A combination of screws, nuts, T-nuts, and connection attachments was used to 

assemble the aluminum frame and mount the mechanical components. Some 

fasteners were already available in the M2Lab inventory, while additional sigma 

profile connection attachments and metal mounts were purchased from Doğuş 

Kalıp. These parts were required to connect the sigma profiles and provide stable 

mounting points for the prototype structure. 

During the development process, the mechanical construction evolved through 

multiple stages. The first small prototype was mainly 3D printed and was used to 

validate remote-controlled motion. A later version used sigma profiles with wooden 

plates from the inventory to verify the ball collection concept without full 

autonomous functionality. In the final prototype, the wooden plates were replaced 

by 3D-printed PLA parts, allowing the robot to integrate the final mechanical, 

electronic, and software features. The procured and reused mechanical components 

are summarized in Table 3.1. 

Table 3.1 Procured and reused mechanical components “Continued…” 

Component Quantity / specification Source Use in prototype 

Aluminum 

sigma profile 

20 × 20 mm, 

approximately 1800 mm 

total 

M2Lab 

inventory 

Main chassis and 

structural frame 

Drive wheels 
2 wheels, 140 mm 

diameter 

M2Lab 

inventory 

Differential-drive 

locomotion 

Caster wheels 

2 purchased, 1 used, 

approximately 90 mm 

diameter 

Purchased 
Passive chassis 

support 

Brass hex 

couplers 

Used with drive wheels 

and motors 

M2Lab 

inventory 

Wheel-to-motor 

connection 
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Table 3.1 Procured and reused mechanical components “Continued…” 

Sigma profile 

connection 

attachments 

Set of 

connectors and 

mounting parts 

Doğuş Kalıp 
Frame assembly and 

structural connections 

Metal mounts 
Various 

mounting pieces 

Doğuş Kalıp / 

M2Lab 

inventory 

Mechanical support 

and component 

mounting 

Screws, nuts, 

and T-nuts 

Mixed M3, M4, 

and M5 

fasteners 

Purchased and 

M2Lab 

inventory 

General assembly and 

mounting 

Wooden plates 

Inventory 

material, used 

temporarily 

M2Lab 

inventory 

Intermediate proof-of-

concept version before 

PLA replacement 

Rubber bands 
Normal office 

rubber bands 

Stationery 

shop 

Flywheel surface grip 

improvement 

3.2 Procurement of Electronic Components 

The electronic procurement process focused on obtaining the components required 

for computation, motor control, sensing, power distribution, and communication 

between subsystems. The final prototype used a combination of newly purchased 

electronic components and components already available in the M2Lab inventory. 

The Raspberry Pi 4B was used as the main onboard computer and was available 

from the M2Lab inventory. It runs the ROS 2 software stack and handles high-level 

processing tasks such as perception, mapping, localization, navigation, and 

autonomous ball collection. Two Arduino Nano boards were also available from 

the M2Lab inventory and were used for low-level control tasks. One Arduino Nano 

was assigned to the DC drive motor subsystem, while the second Arduino Nano 

was assigned to the brushless flywheel motor subsystem. 
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The main sensing components included an Xbox 360 Kinect v1 RGB-D camera and 

an MPU6050 inertial measurement unit. The Kinect camera was available from the 

M2Lab inventory and was used for RGB-based ball detection and depth-based 

distance estimation. The MPU6050 IMU was purchased from Robotistan and was 

used to provide inertial feedback for odometry and localization-related 

development. 

The locomotion subsystem used two JGB37-520 12 V 333 rpm encoded DC geared 

motors. These motors were purchased from Direnc.net and were selected as the 

final drive motors for the differential-drive system. Two BTS7960 motor driver 

modules, available from the M2Lab inventory, were used to drive the DC motors. 

The ball collection subsystem used two SunnySky V3508 KV580 brushless DC 

motors and two 30 A ESCs, all available from the M2Lab inventory. 

For power distribution, an 11.1 V 2200 mAh LiPo battery was purchased from 

F1Depo and used as the main power source of the prototype. An XL4015 buck 

converter was purchased from Robotistan and used to regulate the voltage supplied 

to the Raspberry Pi. Fuse holders and 6 A fuses were also purchased from 

Robotistan to provide basic overcurrent protection. XT60 connectors and wiring 

materials were purchased to complete the electrical connections between the 

battery, power distribution components, drivers, controllers, and sensors. The 

procured and reused electronic components are summarized in Table 3.2. 

Table 3.2 Procured and reused electronic components “Continued…” 

Component 
Quantity / 

specification 
Source Use in prototype 

Raspberry Pi 

4B 
1 unit 

M2Lab 

inventory 

Main onboard computer 

running ROS 2 

Arduino 

Nano 
2 units 

M2Lab 

inventory 

Low-level drive motor and 

intake motor control 
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Table 3.2 Procured and reused electronic components 

Xbox 360 Kinect 

v1 
1 unit 

M2Lab 

inventory 

RGB-D perception for 

ball detection and depth 

estimation 

MPU6050 IMU 1 unit Robotistan 
Inertial feedback for 

odometry support 

JGB37-520 DC 

geared motor 

2 units, 12 V, 

333 rpm, 

encoded 

Direnc.net 
Differential-drive 

locomotion 

BTS7960 motor 

driver 
2 units 

M2Lab 

inventory 
DC drive motor control 

SunnySky V3508 

KV580 BLDC 

motor 

2 units 
M2Lab 

inventory 

Flywheel-based ball 

intake 

ESC 2 units, 30 A 
M2Lab 

inventory 

Brushless motor control 

for intake motors 

LiPo battery 
11.1 V, 2200 

mAh 
F1Depo Main power source 

XL4015 buck 

converter 
1 unit Robotistan 

Voltage regulation for 

Raspberry Pi 

Fuse and fuse 

holder 

6 A fuse 

protection 
Robotistan 

Basic overcurrent 

protection 

XT60 connector Connector set Robotistan 
Battery and power 

connection 

Electrical wiring Mixed wire set Robotistan Power and signal wiring 
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3.3 Custom-Manufactured Parts 

Several parts of the TRACE prototype were custom-manufactured because they had 

to match the geometry of the robot chassis, ball intake mechanism, Kinect mounting 

position, and storage system. Most of these parts were produced using 3D printing 

with PLA material. The custom-manufactured parts allowed the team to rapidly test 

different configurations and modify the prototype during development. 

The 3D-printed parts were designed using Onshape and printed in M2Lab using a 

Bambu Lab A1 3D printer. PLA was used as the printing material, with an 

approximate infill of 15%. Three PLA spools were purchased from Porima, and one 

additional spool was available from the M2Lab inventory. This printing approach 

was suitable for prototype development because it allowed fast manufacturing of 

custom mounts, supports, and mechanism parts without requiring machining. 

Before the final PLA components were produced, some parts were tested using 

wooden plates and available inventory materials. This helped validate the general 

shape and placement of the parts before spending additional time and material on 

final 3D printing. After the testing stage, the temporary wooden components were 

replaced with PLA parts in the final prototype. 

3.3.1 3D-Printed PLA Components 

The main 3D-printed PLA components included the intake supports, ramp and 

scoop structure, Kinect camera mount, electronics board, storage box components, 

and several connection or support parts required for integration. These parts were 

not standard commercial components, so they had to be designed according to the 

final robot dimensions and component locations. 

The intake supports were printed to hold the flywheel motors and maintain the 

required spacing between the flywheels and the tennis ball path. The ramp and 

scoop were printed to guide the tennis ball from the ground into the intake path and 

then toward the storage area. The Kinect mount was printed to position the camera 

at the front of the robot and keep it aligned with the expected ball detection area. 

The electronics board was printed to provide a mounting surface for the control and 

power components. 
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The 3D-printed parts were important for adapting the mechanical structure during 

development. Since the robot was a prototype, several dimensions and component 

positions were adjusted during assembly and testing. 3D printing allowed these 

changes to be made more quickly than using machined metal or commercially fixed 

mounting parts.The main custom-manufactured PLA components are summarized 

in Table 3.3. 

Table 3.3 Custom-manufactured PLA components 

Custom part Material 
Manufacturing 

method 
Function 

Intake supports PLA 3D printing 
Hold the flywheel motors 

and intake structure 

Flywheels PLA 3D printing 
Contact the tennis ball and 

pull it into the intake 

Ramp and 

scoop 
PLA 3D printing 

Guide the ball from the 

ground into the storage path 

Kinect camera 

mount 
PLA 3D printing 

Fix the Kinect camera at the 

required front viewing 

position 

Electronics 

board 
PLA 3D printing 

Provide a mounting surface 

for electronic components 

Storage box / 

half-box 
PLA 3D printing 

Temporarily store collected 

tennis balls 

Additional 

support parts 
PLA 3D printing 

Support assembly and 

component positioning 

3.3.2 Flywheel and Rubber Band Modification 

The flywheels used in the final ball intake mechanism were custom 3D printed. 

Two flywheels were manufactured and connected to the brushless motors of the 
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intake system. The first flywheel version was thinner and had a smoother disk-like 

surface. This version did not provide enough grip on the tennis ball and did not 

include a suitable place for adding rubber bands. 

During testing, the ball entered the scoop and moved upward slightly, but it often 

slipped and fell back instead of being pulled fully into the ramp. This showed that 

the problem was mainly related to insufficient contact friction between the flywheel 

surface and the tennis ball. 

To solve this problem, the flywheel design was modified and normal office rubber 

bands were added around the flywheel surfaces. The rubber bands increased the 

contact friction and allowed the flywheels to grip the tennis ball more effectively. 

A full box of rubber bands was used for both flywheels during the modification 

process. 

The rubber band modification significantly improved the intake performance. 

When the mechanism was tested using an external power source, the ball collection 

became highly consistent. When the mechanism was powered from the robot 

battery, the intake performance remained consistent when the battery was full or 

near full, but became less reliable as the battery voltage decreased. This observation 

was later considered as one of the prototype limitations. The original flywheel 

version and the modified rubber-band flywheel version are shown in Figure 3.1 and 

Figure 3.2. 

 

Figure 3.1 Original smooth flywheel version before rubber band modification 
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Figure 3.2 Final flywheel version with rubber bands added for improved grip 

3.3.3 Storage Box Manufacturing 

The storage system was designed to hold the tennis balls after they passed through 

the intake and ramp mechanism. The original target was a storage capacity of 

approximately 20 tennis balls. However, the full storage box was not completely 

manufactured during the final prototype stage because there were not enough tennis 

balls available for full-capacity testing, and completing the full box would have 

required additional printing time and PLA material. 

Instead, a half-box storage configuration was manufactured using 3D-printed PLA. 

This version was designed for an approximate capacity of 10 tennis balls. During 

physical testing, the storage box was verified using the available four tennis balls, 

all of which fit inside the storage area. Therefore, the final report describes the 

storage as designed for approximately 10 balls and physically verified with 4 balls. 

The half-box configuration was sufficient to validate the storage concept and 

confirm that collected balls could be transferred into the storage area. However, the 

full 20-ball storage target remains a future improvement that requires 

manufacturing and testing a complete storage box. The final 3D-printed storage box 

configuration is shown in Figure 3.3.  
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Figure 3.3 Final 3D-printed half-box storage configuration used in the TRACE 

prototype 

3.4 Cost Analysis 

The TRACE prototype was produced using a combination of newly purchased 

components and parts already available in the M2Lab inventory. Therefore, the cost 

analysis was divided into two categories. The first category represents the actual 

newly purchased cost paid during the project. The second category represents the 

estimated replacement cost of components that were reused from the M2Lab 

inventory. This distinction is important because the actual project spending was 

lower than the total cost required to reproduce the prototype from zero. 

The newly purchased components included the drive motors, LiPo battery, 

MPU6050 IMU, XL4015 buck converter, fuse components, wiring, XT60 

connectors, PLA material, rubber bands, caster wheels, and mechanical connection 

attachments. Several higher-cost components, including the Raspberry Pi 4B, 

Kinect camera, Arduino Nano boards, BTS7960 motor drivers, SunnySky brushless 

motors, ESCs, aluminum profiles, wheels, and couplers, were available in the 

M2Lab inventory and were reused in the prototype. 

The cost values are summarized in Table 3.4. The newly purchased costs are based 

on the actual project purchases, while the replacement costs are approximate 

estimates for reproducing the same prototype without using inventory components. 
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Table 3.4 Cost analysis of the TRACE prototype. “Continued…” 

Component / material Quantity / 

specification 

Source Newly 

purchased cost 

(TL) 

Caster wheels 2 purchased, 1 

used 

Purchased 200 

Sigma connection 

attachments and metal 

mounts 

Set Doğuş Kalıp 1000 

MPU6050 IMU 1 unit Robotistan 125 

JGB37-520 DC geared 

motors 

2 units Direnc.net 1300 

11.1 V LiPo battery 2200 mAh F1Depo 1500 

XL4015 buck converter 1 unit Robotistan 300 

Fuse and fuse holder 6 A fuse 

protection 

Robotistan 100 

XT60 connectors Connector set Robotistan 20 

Electrical wiring Mixed wire set Robotistan 200 

PLA filament 3 purchased 

spools 

Porima 1300 

Rubber bands Office rubber 

bands 

Stationery 

shop 

30 

Aluminum sigma profile 20 × 20 mm, 

1800 mm 

M2Lab 

inventory 

0 
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Table 3.4 Cost analysis of the TRACE prototype. “Continued…” 

Drive wheels 2 units, 140 

mm 

M2Lab 

inventory 

0 

Brass hex couplers 2 units M2Lab 

inventory 

0 

Raspberry Pi 4B 1 unit M2Lab 

inventory 

0 

Arduino Nano 2 units M2Lab 

inventory 

0 

Xbox 360 Kinect v1 1 unit M2Lab 

inventory 

0 

BTS7960 motor drivers 2 units M2Lab 

inventory 

0 

SunnySky V3508 KV580 BLDC 

motors 

2 units M2Lab 

inventory 

0 

30 A ESCs 2 units M2Lab 

inventory 

0 

Additional PLA material 1 spool M2Lab 

inventory 

0 

Total newly purchased cost 

  

6075 

3.5 Manufacturing and Assembly Timeline 

The manufacturing and assembly process was completed gradually through several 

development stages. The prototype did not move directly from the initial design to 

the final version. Instead, early versions were used to validate basic motion and ball 

collection before the final mechanical, electrical, and software integration was 

completed. 
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The first stage focused on a small 3D-printed prototype used for remote-controlled 

motion validation. After basic motion was verified, a larger sigma-profile version 

was assembled using wooden plates from the M2Lab inventory to test the ball 

collection concept. In the final stage, the wooden prototype components were 

replaced with custom 3D-printed PLA parts, and the full mechanical, electrical, 

sensing, and software systems were integrated. The manufacturing and assembly 

timeline is summarized in Table 3.5. 

Table 3.5 Manufacturing and assembly timeline. “Continued…” 

Development 

stage 
Main activity Description 

Week 1–2 
Early prototype 

development 

A small 3D-printed prototype was 

used to validate remote-controlled 

motion. 

Week 3 
Sigma frame 

preparation 

20 × 20 mm aluminum sigma 

profiles from M2Lab inventory were 

prepared for the larger prototype. 

Week 4 
Wooden proof-of-

concept version 

Wooden plates from inventory were 

used with the sigma frame to test the 

ball collection concept. 

Week 5–6 

Final CAD updates 

and PLA 

manufacturing 

Final custom parts were designed in 

Onshape and printed using PLA on 

the Bambu Lab A1 printer. 

Week 7 
Final frame and caster 

assembly 

The sigma frame was assembled, 

and the caster support was installed. 

Week 8 
Intake mechanism 

assembly 

The brushless motors, flywheels, 

ramp, and scoop were installed and 

adjusted. 
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Table 3.5 Manufacturing and assembly timeline. “Continued…” 

Week 

9 

Electronics 

mounting and 

wiring 

The Raspberry Pi, Arduino Nano boards, motor 

drivers, ESCs, buck converter, fuse, and wiring 

were installed. 

Week 

10 

Drive system 

integration 

The DC drive motors, wheels, couplers, and 

motor drivers were integrated and tested. 

Week 

11 

Sensor and camera 

integration 

The Kinect camera, MPU6050 IMU, and 

encoder feedback system were connected and 

checked. 

Week 

12 

Final software and 

subsystem testing 

ROS 2 control, perception, mapping, 

navigation, and autonomous collection 

functions were tested. 

3.6 Step-by-Step Production and Assembly Instructions 

This section explains the production and assembly sequence followed to build the 

TRACE prototype. The purpose is to provide a practical assembly procedure that 

connects the procured components and custom-manufactured parts into a complete 

robot platform. The sequence is written as a reproducible assembly guide rather 

than a detailed design explanation, since the design decisions were already 

discussed in Chapter 2. 

3.6.1 Frame Assembly 

The assembly process started with the aluminum sigma profile frame. The 20 × 20 

mm sigma profiles were cut and arranged according to the final chassis layout. The 

profiles were connected using sigma connection attachments, metal mounts, 

screws, nuts, and T-nuts. During this stage, the frame was checked for alignment 

and rigidity before adding motors, sensors, and electronic components. 

The caster support was then installed to provide passive balance for the chassis. The 

caster position was adjusted so that the robot could remain stable while the two 

main drive wheels generated the robot motion. The frame assembly provided the 
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main mechanical foundation for the intake system, storage box, electronics board, 

battery, and camera mount. The assembled sigma profile frame is shown in Figure 

3.4. 

 

Figure 3.4 Aluminum sigma profile frame assembly of the TRACE prototype 

3.6.2 Drive System Assembly 

After the main frame was assembled, the drive system was installed. The two 

JGB37-520 DC geared motors were mounted to the chassis and aligned with the 

drive wheels. The 140 mm wheels were connected to the motor shafts using brass 

hex couplers from the M2Lab inventory. The motor and wheel alignment was 

checked to reduce unwanted vibration and uneven contact during motion. 

Each drive motor was assigned to one side of the robot, forming the differential-

drive configuration. The left and right drive wheels were positioned so that 

independent speed control could be used for forward motion, turning, and rotation. 

After mechanical installation, the drive system was connected to the BTS7960 

motor driver modules during the electrical wiring stage. 

3.6.3 Ball Collection Mechanism Assembly 

The ball collection mechanism was assembled at the front of the robot. The 

brushless intake motors were mounted using the 3D-printed PLA intake supports. 
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The two 3D-printed flywheels were then attached to the brushless motors. Rubber 

bands were added around the flywheel surfaces to increase friction and improve 

ball grip during collection. 

After the flywheels were installed, the ramp and scoop were mounted behind the 

intake opening. The scoop was positioned to guide the tennis ball from the ground 

into the flywheel contact area, while the ramp directed the ball toward the storage 

region. The spacing between the flywheels, scoop, and ramp was adjusted during 

assembly to ensure that the tennis ball could enter the mechanism without becoming 

stuck.  

3.6.4 Storage Box Installation 

The storage box was installed behind the ramp so that balls entering the intake 

mechanism could be transferred into the storage area. The final storage 

configuration was a 3D-printed half-box design. It was designed for an approximate 

capacity of 10 tennis balls and was physically verified using the available four 

tennis balls. 

The storage box was attached to the chassis and surrounding PLA support parts. Its 

position was checked to ensure that collected balls could move from the ramp into 

the storage area without blocking the intake path. Although the original target was 

a full storage capacity of approximately 20 tennis balls, the half-box version was 

used in the final prototype to reduce printing time and material use during testing. 

3.6.5 Electronics and Sensor Installation 

The electronics were installed after the main mechanical subsystems were 

assembled. A 3D-printed electronics board was used as the mounting surface for 

the main control and power components. The Raspberry Pi 4B, two Arduino Nano 

boards, BTS7960 motor drivers, ESCs, XL4015 buck converter, fuse holder, 

connectors, and wiring were arranged so that the system remained accessible for 

testing and debugging. 

The 11.1 V LiPo battery was connected as the main power source. Fuse protection 

was added to the power path, and the XL4015 buck converter was used to regulate 

power for the Raspberry Pi. XT60 connectors and wiring were used to connect the 
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battery, drivers, ESCs, and control electronics. The wiring was checked carefully 

to ensure correct polarity and common grounding between the control and motor 

circuits. 

The two BTS7960 drivers were connected to the DC drive motors and the Arduino 

Nano assigned to the locomotion subsystem. The ESCs were connected to the 

brushless intake motors and the Arduino Nano assigned to the ball collection 

subsystem. The encoder signals from the drive motors were routed back to the 

control system for odometry-related feedback. 

The Kinect camera was mounted at the front upper area of the robot using the 3D-

printed camera mount. Its position was adjusted to provide a clear view of the area 

in front of the intake mechanism. The MPU6050 IMU was connected to the 

Raspberry Pi through the I²C interface, and the Kinect camera was connected to the 

Raspberry Pi through USB. After the wiring was completed, the Arduino code and 

ROS 2 software were tested to verify manual motion, intake motor operation, sensor 

feedback, and camera data. 
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4 

PROTOTYPE ASSEMBLY AND SYSTEM 

INTEGRATION 

 

 

This chapter presents the assembly and integration of the TRACE prototype after 

the procurement and manufacturing stages. While Chapter 3 explained the 

components, materials, costs, and production sequence, this chapter focuses on how 

the mechanical, electrical, sensing, control, and software subsystems were 

combined into one functional prototype. 

The integration process was completed gradually. The project first used a small 3D-

printed prototype to validate remote-controlled motion. After that, a larger sigma-

profile structure with wooden plates was used to test the ball collection concept. In 

the final version, the wooden components were replaced with 3D-printed PLA 

parts, and the locomotion, intake, sensing, electronics, and ROS 2 software systems 

were integrated into the final TRACE prototype. 

4.1 Mechanical Prototype Assembly 

The mechanical prototype assembly started with the aluminum sigma profile frame. 

The frame was constructed using 20 × 20 mm sigma profiles and mechanical 

connection attachments. This structure provided the main support for the drive 

motors, caster wheel, ball intake system, storage box, camera mount, battery, and 

electronics. 

The prototype development passed through multiple mechanical stages. The first 

small prototype was mainly used to validate basic remote-controlled motion. This 

early version helped confirm the general motion concept before moving to a larger 

robot body. The second version used a sigma-profile frame with wooden plates 
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available from the M2Lab inventory. This version was mainly used to test the 

physical ball collection concept before the final autonomous system was completed. 

The final mechanical prototype replaced the temporary wooden components with 

custom 3D-printed PLA parts. These PLA parts included the intake supports, ramp 

and scoop, Kinect mount, electronics board, and storage components. This final 

configuration allowed the robot to combine the mechanical collection system with 

the drive system, sensors, and electronics in a more complete prototype structure. 

The mechanical assembly was arranged so that the ball intake mechanism was 

positioned at the front of the robot, the storage box was placed behind the ramp, 

and the electronics were located inside the main body. This layout kept the 

collection path clear while allowing the electronic components to remain accessible 

during testing and debugging. The assembled mechanical prototype is shown in 

Figure 4.1. 

 

Figure 4.1 Final mechanical assembly of the TRACE prototype 

The earlier prototype versions are shown in Figure 4.2 and Figure 4.3. These 

versions were important during development because they allowed the team to test 

motion and collection concepts before completing the final integrated prototype. 
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Figure 4.2 Early 3D-printed prototype used for remote-controlled motion 

validation 

 

Figure 4.3 Sigma-profile and wooden-plate prototype used for ball collection 

proof-of-concept 

4.2 Ball Intake and Storage Integration 

The ball intake and storage subsystems were integrated after the main chassis 

structure was assembled. The purpose of this integration stage was to connect the 

flywheel intake mechanism, ramp, scoop, and storage box into one continuous ball 

collection path. The intake mechanism was positioned at the front of the robot so 

that tennis balls could enter the mechanism directly from the ground as the robot 

approached them. 
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Before the final intake system was integrated into the complete robot, a separate 

ball collection test setup was used to evaluate the geometry of the mechanism. This 

setup allowed the team to test the effect of flywheel height, flywheel tilt, and intake 

opening width on ball collection performance without requiring the full robot to be 

assembled. The test setup included the flywheel motors, frame support, and tennis 

ball path, and it was powered using an external power supply during early testing. 

The early ball collection test setup is shown in Figure 4.4. 

 

Figure 4.4 Early ball collection test setup used to evaluate flywheel height, tilt, 

and intake width 

This separate test was important because the ball collection mechanism depends 

strongly on the relative position between the flywheels and the tennis ball. If the 

flywheels are too high, the ball does not receive enough contact force. If they are 

too low, the ball may jam or fail to enter the mechanism smoothly. Similarly, if the 

spacing between the flywheels is too wide, the ball slips instead of being pulled 

inward; if the spacing is too narrow, the ball may not enter the intake path. Testing 

these parameters separately helped identify a more suitable arrangement before 

final integration. 

A storage box was also integrated and tested independently from the complete robot 

system. This intermediate setup used the ball intake and storage path without the 

full electronics, sensing, and autonomous navigation components. The purpose was 
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to verify that balls entering the intake path could continue into the storage region. 

This stage helped confirm the mechanical transfer path before the final PLA-based 

storage system was installed on the complete TRACE prototype. The intermediate 

storage integration setup is shown in Figure 4.5. 

 

Figure 4.5 Intermediate storage box integration setup used to test ball transfer 

into the storage area 

In the final prototype, the intake system consists of two brushless motors, two 3D-

printed flywheels, rubber bands around the flywheel surfaces, and 3D-printed 

intake supports. The brushless motors were mounted on PLA supports, and the 

flywheels were attached to the motor shafts. The spacing and orientation of the 

flywheels were adjusted according to the observations from the earlier collection 

tests. 

During integration, the first smooth flywheel surface did not provide enough grip 

to lift the ball consistently through the intake path. The ball could enter the scoop 

and move upward slightly, but it sometimes slipped and fell back. To solve this 

issue, normal rubber bands were added around the flywheel surfaces. This increased 

friction between the flywheels and the tennis ball and improved the ability of the 

mechanism to pull the ball into the ramp. 
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The ramp and scoop were installed directly behind the flywheel intake. The scoop 

guides the ball from the ground into the flywheel contact area, while the ramp 

directs the ball toward the storage region. Their positions were adjusted during 

integration to reduce interference between the ball, flywheels, and chassis structure. 

The final storage box was installed behind the ramp. The final storage configuration 

was a 3D-printed half-box designed for an approximate capacity of 10 tennis balls 

and physically verified using the available four tennis balls. Although the original 

target was a full storage box with approximately 20-ball capacity, the half-box 

configuration was sufficient to validate the storage path during prototype testing. 

4.3 Electrical Integration 

The electrical integration stage connected the onboard computer, microcontrollers, 

motor drivers, ESCs, sensors, and wiring into one functional control system. The 

purpose of this stage was to allow the ROS 2 software running on the Raspberry Pi 

to communicate with the low-level motor control hardware and receive feedback 

from the robot sensors 

The Raspberry Pi 4B was installed as the main processing unit of the prototype. It 

was responsible for running the ROS 2 software stack, including manual control, 

perception, odometry, mapping, localization, navigation, and autonomous 

collection nodes. The Raspberry Pi was connected to the Kinect camera, MPU6050 

IMU, and the low-level control boards. 

Two Arduino Nano boards were integrated into the system to separate the low-level 

control tasks. One Arduino Nano was assigned to the differential-drive locomotion 

subsystem. This board communicated with the Raspberry Pi and generated the 

required control signals for the BTS7960 motor driver modules. Each BTS7960 

driver was connected to one JGB37-520 DC drive motor. 

The second Arduino Nano was assigned to the ball collection subsystem. This board 

generated the control signals for the ESCs connected to the two SunnySky V3508 

KV580 brushless motors. Separating the locomotion and intake control into two 

Arduino Nano boards helped simplify wiring, testing, and debugging during 

integration. 
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Encoder signals from the drive motors were routed back to the control system to 

provide wheel rotation feedback. This feedback was used for odometry-related 

operation and for checking whether the wheels responded correctly to motion 

commands. The MPU6050 IMU was connected to the Raspberry Pi through the I²C 

interface and provided inertial feedback for motion estimation. 

The wiring layout was kept accessible during the prototype stage because several 

subsystems required repeated testing and adjustment. This accessibility made it 

easier to check connections, replace wires, upload Arduino code, and troubleshoot 

communication problems. However, it also means that the final prototype 

electronics were not fully enclosed in a protective commercial-style compartment. 

4.4 Power System Integration 

The power system integration stage connected the main battery, protection 

components, voltage regulation, motor drivers, ESCs, and control electronics into 

one shared power architecture. The main purpose of this stage was to provide 

suitable power to both high-current motor components and low-voltage control 

electronics while keeping the wiring manageable for prototype testing. 

The final prototype used an 11.1 V 2200 mAh LiPo battery as the main power 

source. This battery supplied the drive motor system, ball collection motors, and 

control electronics through the required driver and regulation stages. XT60 

connectors were used for the battery connection because they provide a secure and 

practical connection for the main power line. 

Fuse protection was included in the power path using 6 A fuses and fuse holders. 

This provided basic protection against excessive current or short-circuit conditions 

during testing. Although this does not replace a full industrial safety circuit, it 

reduced the risk of damaging components during prototype operation. 

The Raspberry Pi required regulated power, so an XL4015 buck converter was 

integrated into the system to provide a stable lower-voltage supply. The buck 

converter was connected between the battery supply and the Raspberry Pi power 

input. This helped reduce the risk of voltage instability affecting the onboard 

computer during operation. 



107 

The DC drive motors were powered through the BTS7960 motor driver modules. 

Each BTS7960 received power from the battery side and control signals from the 

Arduino Nano assigned to the locomotion subsystem. The brushless intake motors 

were powered and controlled through the ESCs, which were connected to the 

Arduino Nano assigned to the ball collection subsystem. 

A common ground connection was maintained between the battery, Raspberry Pi, 

Arduino Nano boards, motor drivers, ESCs, and sensors. This was necessary to 

ensure that the control signals had a consistent reference voltage across the different 

electronic modules. 

The Kinect camera was connected directly in the final prototype without using an 

additional buck converter. This simplified the power integration compared with 

earlier wiring concepts that considered a separate regulated supply stage for the 

camera. 

During integration, the power wiring was arranged to keep the high-current motor 

lines and lower-current signal connections as organized as possible. Since the 

prototype required frequent testing and debugging, the power system remained 

accessible rather than fully enclosed. Future improvements should include a more 

protected enclosure, improved cable routing, and a more complete emergency stop 

system. 

4.5 Sensor and Camera Integration 

The sensor and camera integration stage focused on connecting the Kinect camera, 

MPU6050 IMU, and wheel encoder feedback system to the robot platform. These 

sensors were required for perception, motion feedback, odometry, mapping, 

localization, and autonomous behavior. 

The Xbox 360 Kinect v1 camera was mounted at the front upper region of the robot 

using a 3D-printed PLA camera mount. This position was selected to provide a clear 

view of the area in front of the intake mechanism, where tennis balls are expected 

to appear before collection. The camera was angled slightly downward to improve 

ground-level visibility and allow the RGB-D perception system to detect tennis 

balls within the collection zone. 
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The Kinect was connected to the Raspberry Pi through USB and was used to 

provide RGB and depth streams to the ROS 2 perception system. The RGB stream 

was used for tennis ball detection, while the depth stream was used for distance 

estimation. During integration, the camera position was adjusted to reduce 

obstruction from the chassis and intake mechanism. 

The MPU6050 IMU was connected to the Raspberry Pi through the I²C interface. 

The IMU provided angular velocity and acceleration data for odometry-related 

operation and sensor fusion. The wheel encoders integrated with the JGB37-520 

drive motors provided wheel rotation feedback. Together, the IMU and encoder 

feedback supported motion estimation and localization-related testing. 

4.6 ROS 2 Software Integration 

The ROS 2 software integration stage connected the manual control, motor control, 

sensor drivers, perception, odometry, mapping, localization, navigation, and 

autonomous ball collection modules into one software environment. The Raspberry 

Pi 4B ran ROS 2 Jazzy and acted as the main onboard computer for the prototype. 

The initial software integration focused on manual motion control. The PS4 

controller input was received through the joystick interface and converted into 

velocity commands for the differential-drive system. This allowed the team to test 

the robot safely before enabling autonomous functions. 

After manual motion was verified, the low-level drive motor control was integrated 

with the ROS 2 control structure. Velocity commands were sent from the Raspberry 

Pi to the Arduino Nano assigned to the drive subsystem, which then controlled the 

BTS7960 motor drivers. Encoder feedback was used to support wheel state 

feedback and odometry-related operation. 

The perception system was then integrated using the Kinect camera. The Kinect 

driver provided RGB and depth data to the ball detection node. The ball tracking 

software processed the RGB stream to detect tennis balls and used the depth stream 

to estimate distance. This allowed the robot to identify target balls and provide ball 

information to the autonomous collection behavior. 

The mapping and navigation software were integrated through RTAB-Map, 

AMCL, and NAV2. RTAB-Map was used to generate maps of the environment, 
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AMCL was used to localize the robot within a saved map, and NAV2 was used for 

goal-based autonomous navigation. These navigation functions were tested as a 

separate autonomous mode. 

The autonomous ball collection software was integrated as a separate operating 

mode. In this mode, the robot used Kinect-based ball detections to select a target, 

align toward it, approach it, and activate the flywheel intake mechanism. Although 

both autonomous navigation and autonomous ball collection were demonstrated, 

they were not fully merged into one continuous mission pipeline in the final 

prototype. 

4.7 Human-Machine Interface and PS4 Controller Operation 

The human-machine interface of the TRACE prototype was based mainly on PS4 

controller operation. The controller allowed the operator to manually drive the 

robot, test subsystems, perform mapping, and stop motion during development. 

This was important because the prototype required frequent adjustment and testing 

before autonomous operation could be used reliably. 

The PS4 controller was connected to the ROS 2 software system through the 

joystick interface. The controller inputs were converted into velocity commands, 

allowing the operator to command forward motion, backward motion, turning, and 

stopping. This interface was used during early drive testing, ball intake testing, 

RTAB-Map mapping, and general debugging. 

The PS4 controller also acted as the main operational stop method during testing. 

When the operator released the control input or activated the defined stop function, 

the velocity command was set to zero and the robot stopped through the differential-

drive control pipeline. The prototype includes fuse protection in the power system, 

but it does not include a dedicated industrial emergency stop button. Therefore, 

controller-based stopping was used as the practical safety method during prototype 

testing. 

Manual control remained available even after autonomous functions were 

integrated. This allowed the operator to interrupt or override robot motion when 

needed. It also allowed the robot to be repositioned manually before mapping, 

localization, navigation, and ball collection tests. 
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4.8 Initial Commissioning Tests 

Initial commissioning tests were performed after the mechanical, electrical, 

sensing, and software subsystems were integrated. The purpose of these tests was 

to verify that each subsystem responded correctly before performing full system-

level experiments. 

The first commissioning step was a visual and electrical inspection. The wiring 

connections, polarity, fuse placement, battery connection, buck converter output, 

motor driver wiring, ESC wiring, and sensor connections were checked before 

powering the complete system. This reduced the risk of damaging the electronics 

during startup. 

After the power system was checked, the Raspberry Pi and Arduino Nano boards 

were powered and communication was verified. The Arduino code was uploaded 

and tested to confirm that the motor control boards responded correctly. The 

BTS7960 drivers were tested with the DC drive motors, and the ESCs were tested 

with the brushless intake motors. 

The drive system was then tested under manual PS4 controller operation. The robot 

was commanded to move forward, backward, turn, and stop. This confirmed that 

the differential-drive motors responded to control commands and that the wheel 

directions were correctly assigned. 

The intake mechanism was tested separately by activating the brushless motors and 

checking flywheel rotation. The ramp, scoop, and storage path were also checked 

using available tennis balls to verify that balls could enter the intake path and move 

toward the storage area. 

Sensor commissioning included checking the Kinect RGB and depth streams, IMU 

data, and encoder feedback. The Kinect image stream was used to confirm camera 

visibility and ball detection capability. The IMU was checked through its ROS 2 

output, and encoder feedback was used to verify wheel rotation measurement. The 

main commissioning checks are summarized in Table 4.1. 
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Table 4.1 Initial commissioning checks of the TRACE prototype 

Commissioning check Purpose Result 

Wiring and polarity 

inspection 

Verify safe electrical connections 

before power-up 

Completed 

Battery and fuse check Confirm main power path and 

protection 

Completed 

XL4015 output check Verify regulated power for Raspberry 

Pi 

Completed 

Arduino Nano 

communication 

Confirm low-level control board 

response 

Completed 

DC drive motor test Check wheel direction and motor 

response 

Completed 

BLDC intake motor test Check flywheel rotation and ESC 

response 

Completed 

PS4 manual control test Verify forward, backward, turning, and 

stop commands 

Completed 

Kinect RGB and depth 

check 

Confirm perception data availability Completed 

IMU data check Confirm inertial feedback output Completed 

Encoder feedback check Verify wheel rotation measurement Completed 

Intake path check Confirm ball transfer through scoop 

and ramp 

Completed 

These commissioning tests allowed the team to identify issues before full 

autonomous testing. After the subsystem checks were completed, the robot was 

ready for more detailed performance evaluation in Chapter 5. 
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4.9 Integration Difficulties and Solutions 

Several integration difficulties were encountered during prototype development. 

These issues were related to mechanical adjustment, ball intake reliability, power 

behavior, software timing, and physical packaging. Each issue was addressed 

through iterative modification and testing. 

One of the main mechanical difficulties was the ball intake geometry. The height, 

tilt, and spacing of the flywheels strongly affected whether the tennis ball could be 

pulled into the robot. If the flywheels were not positioned correctly, the ball either 

slipped or failed to move fully into the ramp. This was addressed by using a separate 

intake test setup before final integration, which allowed the team to adjust the 

flywheel height, tilt, and intake opening width. 

Another major issue was insufficient friction on the original flywheel surface. The 

first smooth flywheel version did not grip the tennis ball consistently. The ball could 

enter the scoop and move upward slightly, but sometimes slipped and fell back. 

This was solved by adding normal rubber bands around the 3D-printed flywheels, 

increasing the contact friction and improving the intake performance. 

The storage system also required adjustment. The original goal was to manufacture 

a full storage box with approximately 20-ball capacity. However, because only four 

tennis balls were available for testing and the full box required additional printing 

time and material, a half-box configuration was produced instead. This half-box 

was designed for approximately 10 balls and verified physically with the available 

four balls. 

Power behavior affected the intake mechanism during testing. When the flywheel 

mechanism was powered using an external power source, collection was highly 

consistent. When powered from the LiPo battery, the intake was more reliable when 

the battery was full or near full. This indicated that battery voltage level influenced 

brushless motor performance during collection. This limitation was recorded for 

future improvement. 

Software integration also created timing and synchronization challenges. During 

RTAB-Map mapping, running mapping remotely over Wi-Fi caused TF 

extrapolation and synchronization-related problems. This was solved by running 
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RTAB-Map directly on the Raspberry Pi, reducing dependency on network timing 

between machines. 

The electronics packaging was another practical limitation. Since the prototype 

required repeated wiring changes and debugging, the electronics were kept 

accessible rather than fully enclosed. This improved development flexibility but 

reduced protection and cable organization compared with a final product version. 

The main integration difficulties and solutions are summarized in Table 4.2. 

Table 4.2 Integration difficulties and implemented solutions. “Continued…” 

Difficulty Effect on prototype Implemented solution 

Flywheel height, tilt, 

and spacing required 

adjustment 

Ball could slip or fail 

to enter the intake path 

Separate intake test setup 

was used to tune the 

geometry 

Smooth flywheel 

surface had low grip 

Ball moved upward 

slightly but sometimes 

fell back 

Rubber bands were added 

around the flywheels 

Full storage box was not 

completed 

Original 20-ball 

capacity was not fully 

tested 

Half-box was printed, 

designed for about 10 balls 

and verified with 4 balls 

Battery voltage affected 

intake performance 

Collection was more 

reliable with full or 

near-full battery 

Limitation recorded; 

improved power design 

recommended for future 

work 

RTAB-Map over Wi-Fi 

caused synchronization 

issues 

TF extrapolation and 

timing errors occurred 

RTAB-Map was run 

directly on the Raspberry 

Pi 
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Table 4.2 Integration difficulties and implemented solutions. “Continued…” 

Electronics were not 

fully enclosed 

Wiring remained 

exposed during 

testing 

Electronics were kept accessible 

for debugging; enclosure 

recommended for future work 

Navigation and 

collection were not 

fully merged 

Autonomous modes 

operated separately 

Integration of NAV2 with 

collection behavior defined as 

future work 

4.10 Current Prototype Limitations 

The final TRACE prototype successfully demonstrated the main project functions 

at prototype level, but several limitations remained. These limitations are mainly 

related to storage capacity, power consistency, electronics packaging, safety 

hardware, and full autonomy integration. 

The storage box was not completed at the originally targeted 20-ball capacity. The 

final half-box configuration was designed for approximately 10 balls and physically 

verified using the available four tennis balls. A full-capacity storage box should be 

manufactured and tested in future work. 

The ball intake mechanism was more consistent when the battery was full or near 

full. As the battery voltage decreased, the brushless intake motors became less 

effective at maintaining the required flywheel performance. Future versions should 

improve the power system, motor control, or battery capacity to make the intake 

performance more stable throughout the full operating time. 

The electronics were functional but not fully enclosed. This was acceptable for 

development and debugging, but a final product version would require a protective 

electronics enclosure, improved cable routing, strain relief, and more robust 

connector placement. 

The prototype did not include a dedicated industrial emergency stop button. 

Operational stopping was handled through the PS4 controller stop function, and 

basic electrical protection was provided through fuse protection. A future version 

should include a physical emergency stop circuit for improved safety. 
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The autonomous navigation and autonomous ball collection functions were 

demonstrated as separate operating modes. The robot could navigate using RTAB-

Map, AMCL, and NAV2, and it could also perform autonomous ball collection 

using Kinect-based perception and close-range control. However, these two 

autonomous modes were not fully merged into one continuous mission pipeline. 

Future work should integrate NAV2 goal generation with the ball collection 

behavior so that the robot can search, navigate, approach, collect, and continue 

operation automatically. 

Overall, the prototype achieved the intended proof-of-concept functions, while the 

remaining limitations provide clear directions for future improvement. 
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5 

RESULTS AND EVALUATION 

 

 

This chapter presents the test results and evaluation of the final TRACE prototype. 

The evaluation focuses on the main functions of the system, including mechanical 

motion, electrical and power performance, manual control, odometry, RGB-D 

perception, autonomous navigation, and autonomous ball collection. 

The final prototype successfully demonstrated manual control, differential-drive 

motion, encoder and IMU feedback, Kinect-based ball detection, depth estimation, 

autonomous navigation as a separate mode, and autonomous ball collection as a 

separate mode. However, autonomous navigation and autonomous ball collection 

were not fully merged into one continuous mission pipeline before report 

submission. 

5.1 Mechanical Test Results 

The final mechanical structure remained stable during motion tests on laboratory 

and corridor floors. The aluminum sigma profile frame supported the drive motors, 

caster wheel, intake mechanism, storage box, battery, electronics, and Kinect 

camera without major structural deformation. 

The robot moved forward reasonably well and turned properly using the 

differential-drive configuration. During testing, some screws loosened because of 

vibration, but this problem was solved by tightening the connections. A small 

amount of vibration was also observed at the camera mount, but it did not 

significantly affect ball detection performance. 
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The caster wheel supported the chassis during motion. However, during rotation it 

sometimes caused minor misalignment. This did not prevent operation because the 

robot was able to correct its heading afterward. 

The storage system used the final half-box configuration. The storage box was 

designed for approximately 10 tennis balls and was physically tested using the 

available four tennis balls. The collected balls stayed inside the box during testing. 

However, when the battery level became low, the intake motors became weaker and 

balls sometimes did not move completely up the ramp, which could block the intake 

path. 

The ball intake mechanism was tested through more than 30 collection trials. The 

rubber-band modification on the flywheels solved the original slipping problem and 

improved the ability of the flywheels to pull the ball into the ramp. With the robot 

battery, the collection success rate was more than 70%. With an external power 

source, the collection performance increased to more than 90% after the rubber-

band improvement. 

5.2 Electrical and Power Test Results 

The electrical system operated successfully during prototype testing. The BTS7960 

motor drivers controlled both DC drive motors correctly, and the ESCs controlled 

both brushless intake motors correctly. No overheating was observed in the motor 

drivers or ESCs during the tests. The motor direction required correction during 

integration, which was solved through wiring and code adjustment. 

The 11.1 V 2200 mAh LiPo battery provided sufficient power for approximately 

30 minutes of operation. After this period, the robot was still able to operate, but 

the intake performance started to decrease because the BLDC flywheel motors 

became weaker as the battery level dropped. This affected the ability of the balls to 

move fully up the ramp. 

The Raspberry Pi remained powered during motor operation, and no reboot 

occurred when the motors started. However, vibration sometimes caused the USB-

C power cable of the Raspberry Pi to loosen, so the cable connection required 

attention during testing. The XL4015 buck converter worked properly, and the 

Kinect camera operated correctly with its direct connection. 
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The 6 A fuse system remained intact during testing, and no fuse was blown. 

Stopping was performed using the PS4 controller. Therefore, the implemented 

protection and stopping method were suitable for prototype-level testing, but they 

should not be considered a complete industrial safety system. The main mechanical, 

electrical, and power test results are summarized in Table 5.1. 

Table 5.1 Mechanical, electrical, and power evaluation summary “Continued…” 

Test item Result Evaluation 

Frame stability Stable during lab and corridor 

motion 

Achieved 

Differential-drive 

motion 

Robot moved forward and turned 

properly 

Achieved 

Screw vibration Some screws loosened, then 

fixed by tightening 

Solved during testing 

Camera vibration Small vibration observed Did not significantly 

affect detection 

Caster wheel 

behavior 

Minor misalignment during 

rotation 

Robot corrected 

alignment afterward 

Storage box Half-box designed for about 10 

balls and tested with 4 balls 

Partially achieved 

Ball transfer to 

storage 

Balls stayed inside storage box Achieved 

Low-battery intake 

behavior 

Balls could block the ramp when 

motors became weaker 

Limitation observed 

DC motor drivers BTS7960 drivers controlled both 

drive motors 

Achieved 
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Table 5.1 Mechanical, electrical, and power evaluation summary “Continued…” 

BLDC motor 

control 

ESCs controlled both intake motors Achieved 

Driver 

overheating 

No overheating observed Achieved 

Runtime Approximately 30 minutes before 

low-power intake issues 

Partially achieved 

Fuse protection 6 A fuse system remained intact Achieved 

Stopping 

method 

PS4 controller stop used Prototype-level 

safety achieved 

5.3 Software and Control Test Results 

The software and control system was tested using the ROS 2 environment running 

on the Raspberry Pi. The purpose of these tests was to verify that the robot could 

receive manual commands, produce wheel motion, read encoder feedback, process 

IMU data, detect tennis balls, estimate depth, and support autonomous behavior. 

5.3.1 Manual Motion Test 

The PS4 controller manual mode worked successfully. The robot was able to move 

forward, move backward, turn left, turn right, and stop. Manual control was stable 

enough for subsystem testing, robot positioning, mapping preparation, and general 

debugging. 

Manual control was important during the development process because it allowed 

the team to test the locomotion system safely before autonomous functions were 

enabled. It was also used to reposition the robot during mapping, navigation, and 

ball collection experiments. 
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5.3.2 Encoder Odometry Test 

The encoder feedback system worked correctly during testing. Encoder readings 

were visible in ROS, and the values changed correctly when the wheels rotated. 

Both left and right encoder signals were received, and the odometry output roughly 

matched the observed robot motion during basic movement tests. 

No major wheel-distance estimation problem was observed during the basic 

odometry tests. The encoder feedback provided useful motion information for the 

software stack and supported the odometry-related operation of the robot. 

5.3.3 EKF Odometry Verification Test 

To verify the performance of the sensor fusion approach independently from the 

internal implementation of robot_localization, a standalone EKF was implemented 

in Python based on the motion model described in Section 2.4.4. The filter was 

evaluated by replaying a recorded ROS 2 bag containing /odom and /imu/out data 

collected while driving TRACE along a 2 m × 2 m square trajectory on the floor. 

The square path was marked using four black crosses, which represented the corners 

of the reference trajectory. TRACE started from the bottom-left corner of the square 

reference path. The experimental setup used for EKF verification is shown in Figure 

5.1. 

 

Figure 5.1 Experimental setup used for EKF odometry verification 
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The recorded raw odometry and the standalone EKF output were compared against 

the known geometric reference of the square path. Position error was computed at 

each time step and summarized using the Root Mean Square Error. Both methods 

remained below the selected 0.35 m threshold. The raw odometry achieved an 

RMSE of 0.242 m, while the EKF-fused estimate achieved an RMSE of 0.264 m. 

In both cases, the reconstructed trajectories closely followed the expected square 

shape. The EKF verification results are shown in Figure 5.2. 

 

Figure 5.2 EKF verification results showing reconstructed trajectories, position 

error, and RMSE comparison 

The close agreement between the raw odometry and fused estimates indicates that 

the TRACE wheel encoders were reasonably well calibrated during this test, and 

that the IMU gyroscope angular rate measurements were consistent with the 

encoder-derived turning rate during the square path maneuver. In this specific 

experiment, the EKF did not produce a large steady-state accuracy improvement 

compared with raw odometry. However, its main benefit is improved robustness 

under transient conditions such as wheel slip, surface irregularities, or sudden 

direction changes, where the IMU provides an independent angular velocity 

reference that is not directly affected by wheel-ground interaction. 

This result supports the general sensor fusion principle that the value of an estimator 

comes from appropriate uncertainty weighting rather than assuming that one sensor 

is always correct and the other is incorrect. 
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5.3.4 Kinect RGB-D Ball Detection and Depth Estimation Test 

This section presents the testing of the perception system developed for tennis ball 

detection and distance estimation. The purpose of the experiment was to verify that 

the Xbox 360 Kinect sensor could detect multiple tennis balls and estimate their 

relative distances so that the robot could identify the closest ball as the next target. 

The experiment was performed using a Kinect v1 RGB-D camera in an indoor 

environment. Three tennis balls were placed at different distances within the 

camera’s field of view. The Kinect provided RGB and depth images. The RGB 

image was used for ball detection, while the depth image was used for distance 

estimation. The data was processed using a Python program developed with 

OpenCV. 

The RGB image captured by the Kinect sensor is shown in Figure 5.3, while the 

corresponding depth image used for distance estimation is shown in Figure 5.4.  

 

Figure 5.3 RGB image captured by the Kinect sensor showing three tennis balls 
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Figure 5.4 Corresponding depth image captured by the Kinect sensor 

Tennis ball detection was implemented using classical computer vision techniques 

because they require less computational power and are suitable for real-time robotic 

applications [5], [8]. The RGB image was first converted to HSV color space. A 

color threshold was then applied to isolate the yellow-green color of tennis balls. 

To remove noise and improve segmentation quality, median filtering and 

morphological operations were applied. 

Contours were extracted from the processed image, and geometric constraints such 

as minimum contour area and minimum circle radius were used to remove false 

detections. The remaining regions were identified as tennis balls and annotated with 

circles and labels. The final detection result is shown in Figure 5.5. 

 

Figure 5.5 Tennis ball detection result using HSV color segmentation and 

contour-based filtering 
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The detection pipeline follows a step-by-step process. First, the image is converted 

from RGB to HSV color space to reduce the effect of lighting variation on color 

detection. Then, color thresholding is used to isolate the yellow-green regions and 

create a binary mask. Filtering operations are applied to remove background noise 

and fill small gaps inside detected regions. After that, contours are extracted from 

the processed mask, and regions with unsuitable size or shape are rejected. Finally, 

circles are drawn around valid tennis ball detections, their centers are identified, 

and labels are displayed on the output image. The sequential order of the image 

processing techniques is shown in Figure 5.6. 

 

Figure 5.6 Sequential order of image processing techniques used for tennis ball 

detection 

After detecting the tennis balls in the RGB image, the depth image was used to 

estimate the distance of each ball. For every detected ball, depth values were 

sampled around the center position. Using several pixels instead of a single depth 

value helped reduce measurement noise. The sampled depth information was then 

converted into an approximate distance estimate. 
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The estimated distances were compared to determine which ball was closest to the 

camera. The closest ball was then selected as the next collection target. Figure 5.7 

shows the final output of the system, including the detected balls, estimated 

distances, and selected nearest target. 

 

Figure 5.7 Detected tennis balls with approximate distance estimation and 

nearest-ball prioritization 

 

Figure 5.8 Depth view used for tennis ball distance estimation 
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The test results showed that the Kinect camera and OpenCV-based detection code 

could detect multiple tennis balls and estimate their relative distances. Since the 

system can compare the estimated depth values, it can prioritize the closest ball 

first. This supports more efficient collection behavior by reducing unnecessary 

robot movement. Overall, the vision system successfully validated the RGB-D 

detection and nearest-ball selection method used in the TRACE perception system. 

5.4 Navigation Test Results 

RTAB-Map mapping was tested to generate a map of the operating environment 

using the Kinect RGB-D camera and fused odometry information. During the 

mapping test, the robot was manually driven through the environment at low speed 

using the PS4 controller. This allowed the mapping system to collect RGB-D 

frames and odometry data while reducing sudden motion that could negatively 

affect map quality. 

The reconstructed point cloud generated during a mapping session in the M2Lab 

corridor is shown in Figure 5.9. The point cloud was visualized in RViz together 

with the robot TF frame. 

 

Figure 5.9 Reconstructed point cloud generated by RTAB-Map during the 

M2Lab corridor mapping session 

The real physical environment used during the mapping test is shown in Figure 5.10 

and Figure 5.11. 
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Figure 5.10 M2Lab corridor environment used for RTAB-Map mapping test 

 

Figure 5.11 Additional view of the M2Lab corridor environment used for 

mapping 

The M2Lab corridor mapping session successfully reconstructed the general 

corridor geometry. However, the resulting map had lower resolution and less clearly 

defined obstacle boundaries compared with a previous mapping session performed 

under more stable and controlled driving conditions. The more suitable map used 

for later navigation experiments is shown in Figure 5.12 and Figure 5.13. 
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Figure 5.12 Environment used for the selected navigation map 

 

Figure 5.13 Selected RTAB-Map output map used for autonomous navigation 

testing 

For the autonomous navigation experiments, the clearer and more compact map 

was selected because it provided better-defined boundaries and a more suitable 

environment for evaluating the NAV2 planner and controller within the project time 

constraints. 

AMCL Localization and NAV2 Navigation Test 

After mapping, localization and autonomous navigation were tested using the saved 

map. The map server loaded the static map, while AMCL estimated the robot pose 

within the map. An initial pose estimate was published from RViz to provide 
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AMCL with the approximate starting position of the robot.The initial pose estimate 

used for localization is shown in Figure 5.14. 

 

Figure 5.14 Initial pose estimate published in RViz for AMCL localization 

The localization system used the static map, laser scan data, and fused odometry to 

estimate the robot pose. The map server and AMCL localization setup are shown 

in Figure 5.15. 

 

Figure 5.15 Map server and AMCL localization setup used during navigation 

testing 

After localization was established, a navigation goal was published in RViz. NAV2 

generated a global path from the current robot position to the goal using the planner 

server. The generated path is shown in Figure 5.16. 



130 

 

Figure 5.16 NAV2 goal pose and global path generated by the planner server 

The robot then followed the planned path using the controller server and 

differential-drive control system. The trajectory execution during autonomous 

navigation is shown in Figure 5.17. 

 

Figure 5.17 Trajectory execution during autonomous navigation toward the 

selected goal 

The navigation test showed that the robot could localize within the saved map, 

receive a goal pose, generate a path, and execute motion toward the target location. 

This confirmed that the RTAB-Map, AMCL, NAV2, odometry, and differential-

drive control components could operate together for autonomous navigation. 

However, this navigation mode was tested separately from the autonomous ball 



131 

collection mode. The final prototype therefore demonstrated autonomous 

navigation and autonomous ball collection as separate functions, while the full 

integration of both modes into one continuous mission remains a future 

improvement. 

5.5 Autonomous Ball Collection Test Results 

The autonomous ball collection mode was tested to verify that the robot could detect 

tennis balls, register them as targets, select a ball, approach it, and activate the intake 

mechanism for collection. This test was used to evaluate the behavior of the 

ball_collect_auto_node under real prototype conditions.The TRACE prototype 

during autonomous ball collection testing is shown in Figure 5.18. 

 

Figure 5.18 TRACE prototype during autonomous ball collection testing 

During the test, the Kinect-based perception system detected tennis balls in front of 

the robot and passed the detection information to the autonomous collection node. 

The node registered confirmed detections, selected the nearest available ball as the 

target, and controlled the robot through the collection sequence. The observed 

behavior confirmed that the robot could move from target detection to approach and 

collection without continuous manual driving. 

The RViz visualization and live Kinect camera feed during the autonomous 

collection test are shown in Figure 5.19. The camera feed shows the detected tennis 
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balls, while the RViz view shows the robot model and coordinate frame 

representation used during the collection process. 

 

Figure 5.19 RViz visualization and live Kinect feed during autonomous ball 

collection testing 

The console output recorded during the test is shown in Figure 5.20. The output 

shows ball registration, target selection, state transitions, and successful collection 

events. This confirms that the autonomous collection logic was able to identify 

balls, assign target IDs, move through the collection state sequence, and remove 

collected balls from the registry after successful collection. 

 

Figure 5.20 Console output showing ball registration, target selection, state 

transitions, and successful collection 

The test showed that the autonomous collection behavior was functional as a 

separate operating mode. The robot was able to detect tennis balls, select targets, 

approach them, and collect them using the flywheel intake mechanism. However, 

this autonomous collection mode was tested separately from the full RTAB-Map 

and NAV2 navigation workflow. Therefore, the final prototype demonstrated both 

autonomous navigation and autonomous ball collection, but the two modes were 

not fully merged into one continuous mission pipeline. 
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5.6 System-Level Evaluation 

The final TRACE prototype achieved the main proof-of-concept objectives of the 

project. It demonstrated the ability to move using differential drive, detect tennis 

balls using Kinect RGB-D data, estimate ball distance, collect balls using the 

flywheel intake mechanism, and navigate autonomously using the ROS 2 

navigation stack as a separate mode. The comparison between the target 

requirements and final prototype results is summarized in Table 5.2. 

Table 5.2 Comparison between target requirements and final prototype results 

“Continued...”  

Requirement Target Final result Status 

Robot speed 0.5 m/s 
0.5 m/s achieved during 

testing 
Achieved 

Ball detection 

distance 
0.5–1 m 0.5–1 m Achieved 

Ball detection 

accuracy 

Approximately 

90% 
Approximately 90% Achieved 

Ball collection 

success 
More than 70% 

More than 70% with 

robot battery 
Achieved 

External power 

collection 

performance 

Improved intake 

performance 

More than 90% after 

rubber-band 

improvement 

Achieved 

Storage capacity 
Approximately 

20 balls 

Half-box designed for 10 

balls and tested with 4 

balls 

Partially 

achieved 

Runtime 
Approximately 

30 minutes 

Robot operated for about 

30 minutes before intake 

weakness appeared 

Partially 

achieved 
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Table 5.2 Comparison between target requirements and final prototype results 

“Continued...” 

Manual control Required 
PS4 manual control 

worked 
Achieved 

Encoder 

feedback 
Required 

Encoder readings 

visible and responsive 

in ROS 

Achieved 

IMU feedback Required 
MPU6050 feedback 

integrated 
Achieved 

Autonomous 

navigation 
Required 

NAV2 navigation 

achieved separately 

Achieved 

separately 

Autonomous 

ball collection 
Required 

Autonomous 

collection achieved 

separately 

Achieved 

separately 

Fully merged 

autonomy 

Navigation and 

collection in one 

mission 

Not completed before 

report submission 

Not 

achieved 

The achieved functions of the final prototype include manual PS4 control, 

differential-drive motion, flywheel-based ball intake, improved rubber-band 

flywheel grip, Kinect RGB ball detection, Kinect depth estimation, encoder 

feedback, IMU feedback, RTAB-Map mapping, AMCL localization, NAV2 

navigation as a separate mode, and autonomous ball collection as a separate mode. 

The partially achieved functions include storage capacity, runtime consistency, 

battery-independent intake performance, electronics packaging, and full mission-

level autonomy. These functions worked at prototype level or were partially 

demonstrated, but they require further development to reach a complete final-

product level. 

A key limitation of the final prototype is that autonomous navigation and 

autonomous ball collection were both demonstrated separately, but they were not 
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fully merged into one continuous mission pipeline before report submission. 

Therefore, the robot could autonomously navigate in a mapped space and could 

autonomously collect balls in a separate collection mode, but it did not yet perform 

a complete mission where it navigates, searches, collects, and continues 

automatically without mode separation. 

5.7 Discussion of Results 

The results show that the TRACE prototype successfully demonstrated the main 

technical ideas of the project. The strongest achievement was the ability to detect 

tennis balls using RGB-D perception, move toward them, and collect them using 

the flywheel intake mechanism. The project also demonstrated ROS 2-based 

autonomous navigation separately, showing that the robot platform can support 

both perception-based collection and navigation-based autonomy. 

The ball collection mechanism improved significantly after rubber bands were 

added to the flywheel surfaces. This showed the importance of practical mechanical 

testing in addition to the original design. The detection system also performed well 

within the expected range, although it remained sensitive to lighting and 

background conditions because it used color-based detection. 

The weakest parts of the final prototype were the physical organization of the 

electronics and the battery-dependent intake performance. The wiring was 

functional but not fully enclosed or organized as in a final product. In addition, the 

intake mechanism became weaker when the battery level decreased, which affected 

ball transfer through the ramp. Sensitivity to lighting and background variation is a 

recognized limitation of color-based detection methods for tennis balls [5], [8] and 

future versions could address this through improved filtering or learning-based 

approaches. 

Overall, the prototype achieved a strong proof-of-concept result. It successfully 

combined mechanical design, electronic control, RGB-D perception, ROS 2 

software, autonomous navigation, and autonomous ball collection into one robot 

platform. The main remaining development step is to merge autonomous navigation 

and autonomous collection into one continuous mission pipeline and evaluate it 

using repeated tests in a controlled environment. 
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6 

CONCLUSION 

 

 

6.1 Project Summary 

This project presented the design, implementation, integration, and testing of 

TRACE, an autonomous tennis ball collector robot developed to reduce the manual 

effort required during tennis practice sessions. The final prototype combined a 

differential-drive mobile base, a Kinect RGB-D perception system, wheel encoder 

and IMU feedback, a flywheel-based ball intake mechanism, onboard ROS 2 

software, and autonomous behavior modules. 

From the software and autonomy perspective, the system included TF-based 

coordinate management, EKF-based sensor fusion of wheel encoder and IMU data, 

RGB-D tennis ball detection, track management in the ball_collect_auto_node, 

RTAB-Map-based mapping, AMCL localization, and NAV2-based autonomous 

navigation. These components allowed the robot to detect tennis balls, estimate 

their relative distances, register and select targets, navigate within a pre-built map, 

and perform autonomous collection behavior as a separate operating mode. 

The final prototype demonstrated the feasibility of combining mechanical ball 

collection, RGB-D perception, embedded motor control, and ROS 2 autonomy in 

one robotic platform. Although the final system did not fully merge autonomous 

navigation and ball collection into one continuous mission pipeline, the main 

subsystems were implemented and tested successfully at prototype level. 
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6.2 Achievement of Objectives 

The final prototype achieved the main functional goals of the project at prototype 

level. The robot was able to move using differential-drive control, detect tennis 

balls using the Kinect camera, estimate ball distance using depth data, activate the 

flywheel intake mechanism, and collect tennis balls during testing. The robot also 

demonstrated autonomous navigation using a pre-built RTAB-Map map, AMCL 

localization, EKF-fused odometry, and NAV2 planning and control. 

The EKF-based odometry approach was validated through recorded data analysis 

using a square path experiment. Both raw odometry and fused odometry remained 

below the selected error threshold, showing that the wheel encoder and IMU 

measurements were consistent during the test. The autonomous ball collection 

behavior was also demonstrated through target registration, target selection, state 

transitions, and successful ball collection events. 

The Kinect-based perception system achieved approximately 90% ball detection 

accuracy within the effective detection range of approximately 0.5–1 m under 

suitable lighting conditions. The flywheel intake mechanism achieved more than 

70% collection success using the robot battery and more than 90% collection 

success with an external power source after the rubber-band improvement. The 

robot was also able to collect 15 balls in approximately 5 minutes using the separate 

autonomous collection program. 

Some objectives were partially achieved. The original storage target was 

approximately 20 balls, while the final half-box was designed for approximately 10 

balls and physically tested with four balls. The robot operated for approximately 30 

minutes before low battery effects started to reduce the intake strength. 

Autonomous navigation and autonomous ball collection were both demonstrated 

separately, but they were not fully merged into one continuous autonomous mission 

before report submission. 

6.3 Engineering Outcomes 

The project produced important engineering outcomes in mechanical design, 

electronic integration, power distribution, perception, control, and autonomous 

robotics. Mechanically, the prototype showed that an aluminum sigma profile frame 
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combined with custom 3D-printed PLA components can form a lightweight and 

adjustable structure for a tennis ball collection robot. The flywheel-based intake 

mechanism was improved through practical testing, especially by adding rubber 

bands around the flywheels to increase contact friction with the tennis ball. 

Electronically, the project demonstrated the integration of a Raspberry Pi 4B, two 

Arduino Nano boards, BTS7960 motor drivers, ESCs, encoded DC drive motors, 

BLDC flywheel motors, an MPU6050 IMU, and a Kinect RGB-D camera. 

Separating high-level ROS 2 processing from low-level motor control helped 

simplify the system architecture and made subsystem testing easier. 

From the software side, the project demonstrated the use of ROS 2 for combining 

manual control, sensor feedback, odometry, RGB-D perception, mapping, 

localization, navigation, and autonomous collection behavior [6]. The use of TF 

frames, EKF-based odometry, RTAB-Map, AMCL, NAV2, and a custom ball 

collection node showed that the robot platform could support both navigation-based 

autonomy and perception-based ball collection [5], [6]. 

Overall, the project achieved a functional proof-of-concept robot and provided a 

strong foundation for future development of a more complete autonomous tennis 

ball collection system. 

6.4 Limitations of the Final Prototype 

Although the final prototype demonstrated both autonomous navigation and 

autonomous ball collection, these two functions were not fully merged into one 

continuous mission pipeline. The ball_collect_auto_node could detect, select, 

approach, and collect tennis balls as a separate autonomous behavior, while NAV2-

based navigation was demonstrated separately using a saved map and goal-based 

navigation. 

Another limitation is that the NAVIGATING state inside the ball collection 

behavior used the stored last known ball position and a heading-control approach 

rather than sending full NAV2 goal poses. Therefore, the collection behavior did 

not fully use NAV2 costmap-based obstacle avoidance and recovery behaviors 

during close-range target approach. 
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The intake mechanism was also affected by battery level. When the battery was full 

or near full, the flywheel motors provided stronger and more reliable collection 

performance. As the battery level decreased, the intake motors became weaker, and 

balls sometimes failed to move completely up the ramp. This shows that future 

versions require improved power management or a more stable motor power 

supply. 

The storage system was another limitation. The final half-box was designed for 

approximately 10 balls and tested with the available four tennis balls, while the 

original target was approximately 20 balls. A full storage box should be 

manufactured and tested in future development. 

The electronics were functional but not fully enclosed. Since the prototype required 

frequent debugging, the wiring remained accessible and not fully organized. A final 

product version would require a protective electronics enclosure, improved cable 

routing, stronger connector fixation, and better vibration resistance. 

The prototype also used PS4 controller stopping and fuse protection as prototype-

level safety measures. A future version should include a dedicated physical 

emergency stop circuit for safer operation.approach. 

6.5 Future Work 

The most important future improvement is the integration of NAV2 into the 

autonomous ball collection behavior. Instead of using an open-loop or simplified 

navigation state toward the last known ball position, the collection node could send 

goal poses to NAV2. This would allow the robot to use costmaps, obstacle 

avoidance, replanning, and recovery behaviors while moving toward detected 

tennis balls [6]. 

Another important improvement is the implementation of a structured search 

strategy. A coverage planner, such as a boustrophedon-style search pattern, could 

allow the robot to systematically scan the court instead of depending only on balls 

that appear within the camera field of view. This would make ball discovery more 

reliable in larger operating areas. 

A repeated test environment should also be prepared to evaluate the fully merged 

autonomous mission. In this future setup, fixed ball positions, predefined navigation 
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goals, and repeated trial conditions can be used to measure navigation success, 

collection success, total collection time, recovery behavior, and reliability over 

multiple runs. 

 

Further development could also include improving the custom sensor fusion and 

control implementation. Although the project used robot_localization and NAV2 

components successfully, future work could include developing more custom ROS 

2 nodes for EKF estimation, differential-drive control, and behavior planning. This 

would provide deeper control over the software stack and allow more detailed 

tuning for the specific requirements of the TRACE robot. 

The power system should be improved to maintain stable flywheel performance 

throughout the full operating time. This may include using a higher-capacity 

battery, improving the power distribution design, or adding a dedicated supply stage 

for the intake motors. The Raspberry Pi power cable should also be mechanically 

secured to prevent loosening due to vibration. 

Mechanical improvements should include a full-capacity storage box, better cable 

management, a protective electronics enclosure, stronger sensor mounting, and 

improved vibration resistance. The ball intake geometry can also be further 

optimized to improve collection performance under different ball positions and 

approach angles. 

6.6 Final Remarks 

TRACE successfully demonstrated the core concept of an autonomous tennis ball 

collector robot. The final prototype was able to detect tennis balls, estimate their 

distance, move toward them, and collect them using a flywheel-based intake 

mechanism. It also demonstrated ROS 2-based autonomous navigation as a separate 

mode. 

The project required the integration of mechanical design, electronics, power 

distribution, sensors, embedded control, and robotic software. Although some 

limitations remained, especially the unmerged autonomy pipeline and battery-

dependent intake performance, the final prototype proved that the proposed system 

is feasible. 
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The results of this project show that an autonomous tennis ball collection robot can 

be developed using accessible components, custom 3D-printed mechanisms, and 

ROS 2-based control software [2], [4]. With further refinement, TRACE can be 

improved into a more reliable and complete robotic system for tennis training 

environments. 

 

 

 

 

 

 



142 

 

REFERENCES 

[1] ESSAM, Z., M. K. A., K., W. H., L., C. K., A., M., R., S., S., & A., Q. (2023). 

Development of Autonomous Table Tennis Ball Retrieving Robot. Scientific 

Journal, 6(1), 247-254. 

[2] F.E., B., M.W.C, Y., M.D., H., A.B., P., & R.E., L. (2021). Autonomous 

Tennis Ball Collector. 

[3] I., E., J., L., V., S., M. A., K., S., P., M., B., & M., C. (2015). Development of 

an Autonomous Tennis Ball Retriever Robot. Procedia Computer Science, 

76, 21-26. 

[4] J., W., K., L., A., G., & P., A. (n.d.). Ballbot: A Low-Cost, Open-Source, 

Open-Design Robot for Tennis Ball. 

[5] M., L., & A., A. (2023). Development of a Vision-Based Unmanned Ground 

Vehicle for. Future Internet, 15(2), 84. 

[6] M.A., N., A., S., R.K., C., M.J., R., F.R., B., Z., T., & D.K., S. (2021). Critical 

Design and Control Issues of Indoor. IEEE Access, 9, 35338-35370. 

[7] S., B., & I.Z., S. (2020). Radio Frequency (RF)-based, Real-Time, Indoor 

Localization System for Unmanned Aerial Vehicles and Mobile Robot 

Applications. Acta Polytechnica Hungarica, 17(9). 

[8] V., Ç., A.K., Ş., R., K., O., K., & V., S. (2018). Design and Control of a 

Tennis Ball Collector Robot. International Conference on Control 

Engineering & Information Technology (CEIT), 1-6. 

 

 



143 

 

APPENDIX A                                                        

NEEDS ANALYSIS SUPPORTING MATERIAL   

 

 

A.1 Survey-based user need evaluation 

This subsection includes the survey figures used during the early needs analysis 

stage of the TRACE project. The survey material supports the identification of user 

needs related to time saving, tennis-specific usefulness, storage capacity, collision 

avoidance, battery life, and willingness to pay for an autonomous ball collection 

system. 

 

Figure A.1 Survey question 1 
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Figure A.2 Survey Question 2 

 

Figure A.3 Survey Question 3 

 

Figure A.4 Survey Question 4 
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Figure A.5 Survey Question 5 

 

Figure A.6 Survey Question 6 

A.2 Manual ball collection time–cost estimation 

This subsection presents the illustrative calculation used to show the cumulative 

time and estimated cost associated with manual tennis ball collection during 

repeated training sessions. 

The time spent collecting tennis balls during a single training session is defined as: 

𝑡𝑠𝑒𝑠𝑠𝑖𝑜𝑛 = 5 𝑚𝑖𝑛𝑠  

This corresponds to: 

𝑡𝑠𝑒𝑠𝑠𝑖𝑜𝑛 =
5

60
= 0.083 ℎ𝑜𝑢𝑟𝑠  
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Assuming two training sessions per day over two academic terms per year, each 

lasting 12 weeks with five training days per week, the total number of training 

sessions per annum is: 

𝑁𝑠𝑒𝑠𝑠𝑖𝑜𝑛 = 12 × 2 × 5 × 2 = 240 𝑠𝑒𝑠𝑠𝑖𝑜𝑛𝑠  

The total annual time spent collecting tennis balls by a single sports teacher is given 

by: 

𝑇𝑡𝑒𝑎𝑐ℎ𝑒𝑟 = 𝑁𝑠𝑒𝑠𝑠𝑖𝑜𝑛𝑠 × 𝑡𝑠𝑒𝑠𝑠𝑖𝑜𝑛 (A.1) 

Substituting the values: 

𝑇𝑡𝑒𝑎𝑐ℎ𝑒𝑟 = 240 × 0.083 = 20 ℎ𝑜𝑢𝑟𝑠  

Assuming two sports teachers are involved, the total annual time spent on manual 

ball collection becomes: 

𝑇𝑡𝑜𝑡𝑎𝑙 = 2 × 𝑇𝑡𝑒𝑎𝑐ℎ𝑒𝑟 (A.2) 

𝑇𝑡𝑜𝑡𝑎𝑙 = 2 × 20 = 40 ℎ𝑜𝑢𝑟𝑠  

With an estimated hourly wage of £16 per hour, the total annual cost associated 

with manual tennis ball collection is calculated as: 

𝐶𝑎𝑛𝑛𝑢𝑎𝑙 = 16 × 𝑇𝑡𝑜𝑡𝑎𝑙 (A.3) 

𝐶𝑎𝑛𝑛𝑢𝑎𝑙 = 16 × 40 = £640   

This simplified calculation highlights the cumulative time and cost associated 

with manual tennis ball collection and supports the motivation for introducing an 

autonomous solution to reduce repetitive non-training tasks. 

A.3 Summary of derived needs 

This subsection summarizes the needs derived from the survey and time–cost 

estimation: 

• Minimizing training interruptions 

• Reducing physical effort 

• Supporting autonomous operation with minimal supervision 

• Ensuring safe behavior in shared training environments 
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• Supporting sustained operation during training sessions 

• Providing practical value suitable for routine use 
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APPENDIX B                                                        

SYSTEM REQUIREMENTS AND CONCEPT 

SELECTION SUPPORTING MATERIAL 

 

 

This appendix presents the supporting material used during the system requirements 

definition stage of the TRACE project. The material includes the early classification 

of system attributes, design objective prioritization, function verification approach, 

and requirement calculations used to guide the prototype design. These materials 

are kept in the appendix for traceability, while the summarized final requirements 

are presented in Section 1.5.3. 

B.1 System attribute classification 

Table B.1 Classification of TRACE system attributes. “Continued…”. 

System Attribute O F C M 

Reduce training interruptions ✓     

Minimize physical effort for users ✓     

Ensure safe operation near users ✓     

Enable autonomous ball collection  ✓    

Detect tennis balls on court surface  ✓    

Navigate within a tennis court  ✓    

Collect and store tennis balls  ✓    
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Table B.1 Classification of TRACE system attributes. “Continued…”. 

Operate indoors and outdoors   ✓   

Comply with safety requirements   ✓   

Maintain court surface integrity   ✓   

Limit system mass for portability   ✓   

Use autonomous mobile app platform    ✓  

Use onboard sensing for perception    ✓  

This table should include the classification of system attributes as objectives, 

functions, constraints, and means. Examples include reducing training 

interruptions, minimizing physical effort, ensuring safe operation, detecting tennis 

balls, navigating within a tennis court, collecting and storing balls, operating 

indoors and outdoors, limiting system mass, and using onboard sensing. 

B.2 Design objectives and prioritization 

 

Figure B.1 Objective tree illustrating the hierarchical structure of the TRACE 

system design objectives and their associated sub-objectives. 

Table B.2 Pairwise comparison matrix used to determine the relative priority of 

TRACE system design objectives. ”Continued…”. 

Objective S OE A R U P AF Total 
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Table B.2 Pairwise comparison matrix used to determine the relative priority of 

TRACE system design objectives. ”Continued…”. 

Safety (S) - 1 1 1 1 1 1 6 

Operational Efficiency (OE) 0 - 1 1 1 1 1 5 

Autonomy (A) 0 0 - 1 1 1 1 4 

Reliability (R) 0 0 0 - 1 1 1 3 

Usability (U) 0 0 0 0 - 1 1 2 

Portability (P) 0 0 0 0 0 - 1 1 

Affordability (AF) 0 0 0 0 0 0 - 0 

This subsection should summarize the design objectives used during early 

development, including safety, operational efficiency, autonomy, usability, 

portability, reliability, and affordability. The pairwise comparison matrix should be 

kept as supporting evidence for how the design priorities were selected. 

B.3 System functions and verification approach 

This table should include the main functional requirement statements and their 

verification methods. Examples include detecting tennis balls, navigating toward 

balls, physically collecting balls, temporarily storing balls, operating within court 

boundaries, stopping safely, and reducing the need for continuous user supervision. 

Table B.3 System Functions and Verification Methods. “Continued…”. 

Functional Requirement 

Statement 
Source Need Verification Method 

The system should autonomously 

navigate toward detected tennis 

balls. 

Autonomous 

operation 
Simulation 
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Table B.3 System Functions and Verification Methods. “Continued…”. 

The system should physically collect 

detected tennis balls during operation. 

Reduction of 

physical effort 
Test 

The system should temporarily store 

collected tennis balls while operating. 
Practical usability Test 

The system should operate within the 

boundaries of a standard tennis court. 

Environmental 

compatibility 
Simulation 

The system should perform its functions 

without requiring continuous user 

supervision. 

Minimal user 

involvement 
Test 

The system should operate in a manner 

that prevents collisions with users and 

surrounding objects. 

Safe operation 
Simulation / 

Test 

The system should sustain operation for 

the duration of a typical training session. 

Continuous 

operation 
Test 

B.4 Mechanical and physical requirement calculations 

Overall Dimensions: The system should have overall dimensions not exceeding: 

𝐿 × 𝑊 × 𝐻 (B.1) 

800 𝑚𝑚 × 500 𝑚𝑚 × 500 𝑚𝑚  

to allow safe operation within a standard tennis court without obstructing players. 

System Mass: The total mass of the system, including onboard power and structural 

components, shall not exceed 13 kg when the ball storage is empty. The system 

shall be capable of carrying at maximum of 20 standard tennis balls. 

𝑚𝑎𝑠𝑠 𝑝𝑒𝑟 𝑡𝑒𝑛𝑛𝑖𝑠 𝑏𝑎𝑙𝑙 × 𝑡𝑜𝑡𝑎𝑙 𝑏𝑎𝑙𝑙 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (B.2) 

Each ball has an approximate mass of 58 g, resulting in an additional payload mass 

of approximately 1.16 kg when the storage is fully loaded. Accordingly, the total 

system mass shall not exceed 15 kg under fully loaded operating conditions. These 
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mass limits are defined to ensure portability, safe handling by users, and stable 

operation during training sessions. 

 

Figure B.2 Tennis ball dimensions 

Ball Storage Capacity: The system shall be capable of storing at least 20 standard 

tennis balls during a single operating session. A standard tennis ball has an average 

diameter of approximately 67 mm, as shown in figure B.2. Using the volume of 

sphere equation, we can get the volume of a tennis ball. 

𝑉 =
4

3
𝜋𝑟3 (B.3) 

𝑉 =
4

3
𝜋(3.35)3 =  1.69 × 10−4𝑚3   

For a maximum storage capacity of 20 balls, the total solid ball volume is therefore 

approximately: 

𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑜𝑟 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑡𝑜𝑟𝑎𝑔𝑒
= 𝑉𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 𝑏𝑎𝑙𝑙 × 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

(B.4) 

𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 =  1.69 × 10−4𝑚3  × 20 𝑏𝑎𝑙𝑙𝑠 = 4.06 × 10−3𝑚3     

Due to the presence of voids between randomly packed spherical objects, the 

effective packing density is limited. Assuming a conservative random close-

packing density of approximately 64%, the required internal container volume 

𝑉𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 is given by: 
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𝑽𝒄𝒐𝒏𝒕𝒂𝒊𝒏𝒆𝒓 =
𝑽𝒃𝒂𝒍𝒍𝒔

𝟎. 𝟔𝟒
 

(B.5) 

𝑽𝒄𝒐𝒏𝒕𝒂𝒊𝒏𝒆𝒓 =
4.06 × 10−3𝑚3

𝟎. 𝟔𝟒
= 6.34 × 10−3𝑚3 

 

Accordingly, the ball storage compartment shall provide an internal volume of not 

less than 6.5 × 10⁻³ m³ to ensure reliable accommodation of the maximum intended 

payload while accounting for packing inefficiencies. 

B.5 Mobility and court coverage calculation 

Operational Speed: The system shall operate within an average translational speed 

of  1.06 m/s during normal movement on the court. 

Required time to cover court: 

𝒕 =  𝟏𝟓 𝒎𝒊𝒏 =  𝟗𝟎𝟎𝒔 

Court size (including outer boundaries): 

𝐴 = 36.576 𝑚 × 18.288 𝑚 = 669 m2 

Required coverage rate (area per time): 

𝐴̇ =
𝐴

𝑡
 

(B.6) 

=
668.9

900
= 0.743 𝑚2/𝑠   

Required linear speed: 

𝐴̇ = 𝑣 × 𝑤 (B.7) 

where 

𝒘 = 𝟎. 𝟕 m (collection width)  

𝒗 =
𝑨̇

𝒘
=

𝟎. 𝟕𝟒𝟑

𝟎. 𝟕
= 𝟏. 𝟎𝟔 𝒎/𝒔 

B.6 Additional requirement notes 

Operating Time: The system shall operate continuously for a minimum duration of 

30 minutes on a single full charge.  
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Startup Time: The system shall be ready for operation within 5 minutes after being 

powered on. 

Recharge Time (if applicable): The system shall be capable of being recharged 

within 30 mins – 1 hour under standard charging conditions. 

Ball Detection Range: The system shall detect standard tennis balls at a distance of 

at least 1–3 m under typical training lighting conditions. 

Detection Accuracy: The system shall achieve a tennis ball detection success rate 

of ≥ 85% under normal operating conditions. 

Emergency Stop Response: The system shall be capable of stopping all motion after 

activation of an emergency stop command. 

Safety Separation Distance: During operation, the system shall maintain a minimum 

separation distance of 15 cm from detected users or obstacles. 

Operating Environment: The system shall be capable of operating on both indoor 

and outdoor tennis courts. 

Temperature Range: The system shall operate within an ambient temperature range 

of 5 °C to 30 °C. 

Ball Unloading: The system shall allow collected tennis balls to be unloaded 

without the use of tools. 

User Interaction: The system shall allow a user to start and stop a standard collection 

cycle without requiring specialized training. 

B.7 Concept Selection  

Table B.4 Morphological chart used for early concept generation. “Continued…” 

System 

Function 
Option 1 Option 2 Option 3 Option 4 

Ball 

Detection 

USB HD 

Camera 

Pixy2 

Smart 

Camera 

Intel RealSense 

D435 (RGB-D) 
Xbox Kinect 
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Table B.4 Morphological chart used for early concept generation. “Continued…” 

Obstacle 

Detection 
HC-SR04 VL53L1X 

IR Proximity 

Sensor 
2D LiDAR 

Collection 

Mechanis

m 

Passive Ramp 

 

Rotating 

Brush Intake 

 

Dual 

Flywheels 

 

 

Vacuum-

Assisted 

Intake 

 

Storage 

Method 

Internal Fixed 

Container 

 

Removable 

Basket 

 

Removable Net 

 

Transfer Tube 

 

Navigatio

n 

Predefined 

Route 

Lawn-Mower 

Coverage Path 

Dijkstra-Based 

Planning 

RRT*-Based 

Planning 

Drive 

Configura

tion 

Differential 

Drive 2WD 

 

RWD 

 

Mecanum 

Wheels 

 

Tracked Drive 

 

Low-

Level 

Control 

Unit 

Arduino Nano Arduino UNO ESP32 
STM32 Blue 

Pill 
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Table B.4 Morphological chart used for early concept generation. “Continued…” 

On-Board 

Computing 

Raspberry Pi 

4 

Nvidia Jetson 

Nano 

LattePanda 

Delta 

On-Board 

Laptop 

Motor Driver L298N BTS7960B TB6612FNG 
Custom 

Motor Driver 

Power System 
Li-ion 3S 

Battery Pack 
Li-Po Battery 

Lead-Acid 

Battery 

Solar 

Charging 

Support 

Chassis 
Aluminum 

Frame 

Acrylic 

Panels 

3D-Printed 

Parts 

Carbon Fiber 

Composite 

User Interface 

Physical 

Buttons + 

LED 

Indicators 

Remote GUI 

(PC/Web) 

Mobile App 

Controller 

Voice / 

Gesture 

Control 

Table B.5 ACCESS FM comparison of ball collection mechanisms. 

“Continued…” 

Specification 

Area 
Method Flywheels 

Rotating 

Collector 

Robot

ic arm 

Sweeper 

arm 

Aesthetics 6 6 8 6 

Customer 7 7 8 5 

Cost 8 7 5 6 

Environment 6 8 7 6 

Size 7 6 5 6 

Safety 6 7 6 6 
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Table B.5 ACCESS FM comparison of ball collection mechanisms. 

“Continued…” 

Function 8 6 4 6 

Material 7 6 6 7 

Total Score 55 53 49 48 

The flywheel intake concept was selected because it balanced simplicity, active 

intake, and collection reliability. 
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APPENDIX C                                                        

PROJECT MANAGEMENT EVIDENCE 

 

 

This appendix presents supporting evidence related to the project management and 

documentation process of the TRACE project. Shared digital tools were used to 

organize design files, reports, schedules, and team responsibilities throughout the 

development process. The evidence includes the shared Google Drive project folder 

and the project schedule used to monitor development tasks. 

C.1 Shared Project Documentation 

The TRACE project files were organized in a shared Google Drive folder. The 

folder structure was used to store individual team member files, design documents, 

diagrams, reports, and other project-related materials. 

 

Figure C.1 Shared Google Drive folder used for TRACE project documentation 

and file organization 
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C.2 Project Schedule and Task Planning 

A project schedule was prepared to organize the main project phases, task 

responsibilities, and development timeline. The schedule helped the team track 

progress across planning, proposal preparation, design, procurement, assembly, 

testing, and report preparation stages. 

 

Figure C.2 Excel-based project schedule used for TRACE task planning and 

development timeline 


