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ABSTRACT

Galvo-Based Precision 3D Object Tracking System

2106A912 Omar ALAKSH
2006A927 Muhammed Velid SHALATI
2006A908 Saif ALAREQI

Department of Mechatronics Engineering

Graduation Thesis Report

Supervisor: Prof. Dr. Onurcan SAHIN

This study presents the design, development, and full integration of a real-time
galvo-based laser targeting system capable of detecting and tracking balloons in 3D
space using stereo vision and artificial intelligence. The system employs dual-
camera stereo vision for depth estimation, a custom-trained YOLOv8 model for
balloon detection, and a calibration-based lookup table for highly accurate mirror
positioning. The empirical aiming approach fully compensates for mechanical
tolerances and offsets inherent in manufacturing, ensuring reliable targeting
performance even under non-ideal conditions. A fully automated laser detection
routine is used during calibration to collect precise 3D calibration points across the
operating range. The complete system integrates a modular mechanical structure,
Raspberry Pi 5, Arduino Mega, AS5600 encoders, LDR zeroing sensors, and
stepper-driven galvo mirrors. Extensive testing validated the detection accuracy,
depth estimation precision, calibration reliability, and end-to-end system
performance, providing a robust foundation for future high-precision autonomous

targeting platforms.



Keywords: Stereo Vision, Object Tracking, Galvo Mirrors, Calibration-Based
Control, YOLOVS, Laser Targeting
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OZET

Galvo Tabanh Hassas 3D Nesne Takip Sistemi

2106A912 Omar ALAKSH
2006A927 Muhammed Velid SHALATI
2006A908 Saif ALAREQI

Mekatronik Miihendisligi Boliimii
Bitirme Calismas1 Raporu

Danisman: Prof. Dr. Onurcan SAHIN

Bu ¢alisma, stereo goriis ve yapay zeka kullanarak 3D uzayda hareket eden
balonlar1 ger¢ek zamanl olarak algilayip takip edebilen tam entegre galvo tabanh
bir lazer hedefleme sisteminin tasarim, gelistirme ve entegrasyon siirecini
sunmaktadir. Sistem, derinlik tahmini i¢in ¢ift kamera stereo goriis, balon algilama
i¢cin ozel egitilmis YOLOvS modeli ve yiiksek hassasiyetli ayna konumlandirmast
icin kalibrasyon tabanli arama tablosu kullanmaktadir. Deneysel hedefleme
yaklasimi, iiretim kaynakli mekanik toleranslar1 ve hizalama hatalarin1 tamamen
telafi ederek gilivenilir ve kararli hedefleme performanst saglamaktadir.
Kalibrasyon sirasinda, tam otomatik lazer algilama algoritmasi ile tiim calisma
hacmini kapsayan hassas 3D kalibrasyon noktalar1 toplanmistir. Tam entegre
sistem; modiiler mekanik yapi, Raspberry Pi 5, Arduino Mega, AS5600 enkoderler,
LDR sifirlama sensorleri ve step motor kontrollii galvo aynalarini icermektedir.
Gergeklestirilen kapsamli testler; algilama dogrulugu, derinlik tahmin hassasiyeti,

kalibrasyon giivenilirligi ve ugtan uca sistem performansinin basariyla saglandigini

Xii



gostermistir. Bu sistem, yiiksek hassasiyetli otonom hedefleme sistemlerinin

gelecekteki galigmalart icin saglam bir temel olusturmaktadir.

Anahtar Kelimeler: Stereco Gorilis, Nesne Takibi, Galvo Aynalar, Kalibrasyon
Tabanli1 Kontrol, YOLOVS, Lazer Hedefleme

YILDIZ TEKNIiK UNIiVERSITESI
MAKINE MUHENDISLiGi FAKULTESI
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System Design Summary and Design Revision

1.1 Project Objective

This project aims to develop a real-time, Al-based laser tracking and targeting
system designed specifically to detect and track moving balloons in 3D space. It
employs a stereo camera setup, a YOLOvVS8 object detection algorithm, and
galvanometer-style mirrors controlled by stepper motors. The system redirects a
laser beam optically, enabling rapid, precise targeting without physically moving

the laser itself.

The main motivation is to provide a modular, safe, and cost-effective solution
applicable in competitive simulations, robotics, and experimental perception

systems, prioritizing quick response and high accuracy.

1.2 System Overview

The designed system features a compact, modular structure consisting of three

vertically stacked layers:

e Layer 1 (Galvo & Laser Unit):
Contains two orthogonal stepper motors driving specialized galvo mirrors,
an LDR-based zero-position calibration mechanism, and a simulated laser-

switching setup for dual-laser modes. It also includes the AC power input.

o Layer 2 (Vision & Control):
Hosts two Arducam stereo cameras and a Raspberry Pi 5 with AI Hat
running YOLOV8 for balloon detection and triangulation-based depth
estimation. A custom motor driver board is included for streamlined

control.



Layer 3 (Power & Logic):

Features an Omron 12V power supply, a 5V DC buck converter, and an
Arduino Mega microcontroller for precise mirror positioning, along with
provisions for future encoder-based position feedback via an 12C

multiplexer.

The three-layer design ensures easy prototyping, maintenance, and safety through

an enclosed 3D-printed housing.

1.3 The Operating Principle

The operational principle involves the following key stages:

Detection: The YOLOvV8 model running on the Raspberry Pi identifies

balloons.

Localization: Stereo cameras and OpenCV triangulation algorithms

determine real-time 3D positions (X, y, z).

Targeting: A calibration-based lookup table matches these positions to the

required motor steps.

Mirror Control: The Arduino Mega moves the stepper motors to redirect

the laser beam onto the balloon via galvo mirrors.

Zeroing: LDR sensors (with planned encoder support) provide consistent

and repeatable initial alignment.

This methodology allows quick, accurate targeting and simplifies calibration by

avoiding complex geometric computations.

1.4 Design Revisions and Justifications

Several key design changes were implemented for improved accuracy, reliability,

and ease of use:

Calibration-based Targeting: Replaced initial geometric aiming due to

manufacturing inaccuracies and mirror alignment complexities.



e Processor and Controller Change: Jetson Nano and STM32 were replaced
with Raspberry Pi 5 and Arduino Mega for easier integration, lower power

consumption, and improved compatibility.

e Dual-Laser Switching: Added later in the design to accommodate both safe
calibration (low power) and future high-power laser operations; currently

implemented as a simulated switch.

e Encoder Integration: AS5600 encoders were introduced for higher-
resolution zero-position calibration, significantly enhancing repeatability

(implementation pending).

o Layer Redesign: Adopted a three-layer modular architecture to improve

mechanical alignment, accessibility, and ease of wiring and calibration.

These revisions resulted in a more robust, accurate, and flexible system suitable for

real-world use and future enhancements.



2

Detailed Design

2.1 Subsystem Component and Method Changes

During the project's development, several critical modifications were made to

enhance performance, reliability, and usability. These changes were driven by

practical challenges encountered during initial testing and prototype evaluation.

General Changes Summary:

1.

Targeting Method: Transitioned from theoretical geometric calculations to

a calibration-based lookup table.

Zero-Position Sensing: Enhanced from an LDR-only method to dual-
sensor feedback (LDR + AS5600 encoders).

Processor and Microcontroller: Upgraded from Jetson Nano and STM32

to Raspberry Pi1 5 and Arduino Mega, respectively.

Laser Switching Implementation: Added a simulated dual-laser

mechanism for improved flexibility and safety.

Mechanical Layout: Redesigned from an initial non-structured setup to a

vertically modular, three-layer structure.

Camera Placement: Changed from static placement to dedicated alignment

on a separate intermediate layer.

Below, these changes are described in detail according to their impact on each

subsystem:

2.1.1 Mechanical Subsystem Changes

4



A. Layered Modular Structure

Early prototypes were assembled without a structured physical framework,
complicating maintenance and calibration. Recognizing the need for improved
stability and consistent alignment, a modular three-layer structure was
implemented. The layers were aligned vertically and supported by adjustable metal
rods. This provided improved mechanical rigidity, simplified cable management,
and consistent reference points for mirror calibration, greatly enhancing the ease of

assembly, maintenance, and troubleshooting.
B. Laser Switching Mechanism

The initial design incorporated only a single laser, limiting calibration flexibility
and posing safety challenges for future high-power laser implementations.
Recognizing this limitation, the design evolved to include a simulated dual-laser
switching mechanism. This mechanism features two lasers positioned opposite each
other and a central mirror that can be rotated to select between them. Although
actual high-power lasers were not integrated due to safety concerns, this approach
allowed the team to safely simulate both low-power calibration operations and the
logic required for future high-power targeting scenarios, thus greatly expanding

system versatility.

2.1.2 Electronic Subsystem Changes

A. Processor and Microcontroller Upgrade

The original use of an STM32 microcontroller with a Jetson Nano introduced
power, integration, and development issues. These were resolved by switching to
a Raspberry Pi 5 with an Al Hat for vision processing and an Arduino Mega for
motor control. This simplified development, reduced power consumption, and
enabled more reliable communication and coordination between the control

layers.

B. Sensor Enhancement for Zeroing

Initial zeroing relied solely on LDR sensors, which proved sensitive to
environmental lighting and had limited repeatability. To address this, AS5600
magnetic encoders (12-bit, 4096 steps) were added to the galvo motors. This

improved zeroing accuracy and allowed precise tracking of mirror angles. The



encoder also serves to store the exact zero reference established using the 3D-
printed apparatus, compensating for the LDR’s slight inaccuracy and ensuring

repeatable calibration runs.

C. Electronics for Laser Switching

The system initially supported only a single laser. With the addition of a simulated
dual-laser setup, the electronics were expanded to include an extra laser driver
circuit and control logic for the switching mirror. These modifications allow
controlled transitions between low-power calibration and a future high-power

mode, improving both operational safety and testing flexibility.

2.1.3 Software and Control Subsystem Changes

A. Introduction of Calibration-Based Aiming Strategy

The initial software plan involved calculating the required mirror angles using
geometric models based on the physical layout of the system. However, this
approach was ultimately abandoned due to real-world limitations: the mirror
reflection axis did not align perfectly with the motor shaft, mirror thickness
introduced angular offsets, and 3D-printed component tolerances made it nearly

impossible to achieve consistent results.

To overcome these challenges, a new calibration-based aiming strategy was
developed and fully implemented. This method relies on manually pointing the
laser at known positions in 3D space while recording the corresponding stepper
motor values and the (X, y, z) coordinates determined via stereo vision. This data
is compiled into a lookup table that is later used in reverse — when a target is
detected, the system retrieves the required motor positions to aim the laser

precisely at that point.

This new strategy proved far more robust, easily repeatable, and better suited to
prototyping conditions. It also allows recalibration whenever system geometry
changes, offering flexibility that would not be possible with a purely equation-

based system.

B. Laser Detection Algorithm for Calibration Automation

To improve the speed and consistency of the calibration process, a laser spot
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detection algorithm was developed. By operating in a dimmed room, the system
isolates the laser spot using RGB thresholding and contour filtering from both
stereo cameras. This allows automatic recording of laser 3D position data as the
stepper motors are swept across a defined grid. The result is a partially automated
calibration pipeline that reduces the need for manual alignment during lookup

table generation.

C. Communication and Motion Control Logic Update

To support the new aiming strategy, the communication logic between the
Raspberry Pi and Arduino was streamlined. Instead of sending step increments,
the Pi now sends absolute target positions. The Arduino computes the step
difference and executes the motion accordingly. This improves response speed,

simplifies command structure, and enhances targeting reliability.

2.2 Mechanical/Electronic/Software Detailed Designs

Before detailing individual subsystem designs, Figure 1 shows the full assembly of
the system. The mechanical, electronic, and software components were integrated
into a compact three-layer structure to ensure stability, maintainability, and
alignment consistency. The design prioritizes easy access to individual modules

while keeping the entire system fully enclosed and safely operational.

Figure 1 System Full Assembly



2.2.1 Mechanical Design

Layer Functions Overview

Layer 1: Galvo system, zeroing base, power input

This bottom layer houses the galvo mechanism, including two orthogonally
mounted stepper motors that control the two galvo mirrors responsible for laser
beam direction. The main laser module and the simulated laser switching
mechanism are located in this layer. Zero-position sensors (LDR-based), the
mechanical zeroing apparatus, and the AC power input are also integrated here to
ensure accurate initial alignment. The entire galvo assembly for this layer is

shown in Figure 2.

Figure 2 Galvo Subassembly/Layer

Layer 2: Stereo vision, Pi, motor drivers

The second (middle) layer holds the stereo camera assembly and the
computational control units. Two Arducam IMX519 cameras are fixed at a
calibrated baseline for 3D localization. The Raspberry Pi 5 and Al Hat for
YOLOVS object detection are mounted here, along with a custom motor driver
board containing the stepper drivers and voltage rails. This layer ensures fixed,
rigid optical alignment with respect to the galvo system to maintain calibration

consistency (Figure 3).



Figure 3 Second/Camera Layer

Layer 3: PSU, Arduino, buck converter, I12C multiplexer

Figure 4 Top Layer

The topmost layer houses the centralized power and control electronics: Omron
12V 4.5A power supply, 12V-5V DC buck converter, Arduino Mega
microcontroller, and 12C multiplexer for encoder expansion. This layout allows
clean separation between high-voltage components and precision signal
processing devices, minimizing electromagnetic interference and simplifying

wiring (Figure 4).

Mirror Mount and Laser Setup



The galvo mirrors are mounted to the stepper motor shafts through a precision-
designed 3D-printed holder. The mirror holder is tapered and press-fit directly
into the motor shaft to ensure both rigidity and proper centering. Multiple
iterations of the holder design were tested with varying taper angles to achieve the

optimal fit that balances secure mounting and easy assembly.

The mirrors themselves are press-fitted into the holders with similarly fine-tuned
tapers. This technique ensures stable mirror positioning during rotation while

avoiding mechanical play or vibrations that could degrade targeting accuracy.

Figure 5 Mirror Holder Step Motor Integration - Encoder Holder Integration

Galvo Mirror Specs and Handling Guidelines
The specifications of the galvo mirrors used in the system are listed in Table .
Galvo Mirror Specifications

Table 1 Mirror Specifications

Parameter Specification
Material High-Quality Optical Glass
Lens Size 11x7%0.75 mm

10



Thickness 0.75 mm

Reflectivity >99% (400-700 nm)

Laser Power Loss | 0.7%

Wavelength Range | 400-700 nm

Surface Type Front Surface Mirror (high-reflective coated one side)

Mounting Press-fit into 3D printed holder

Strict care was taken during assembly to avoid any direct contact with the mirror

surfaces to prevent scratches or contamination.

Laser Switching Mechanism

The laser switching mechanism allows toggling between two lasers mounted on
opposing sides, directing the beam into the galvo mirrors through a central
rotating mirror. This mechanism was implemented to simulate dual-laser
functionality for safe calibration and high-power operational testing scenarios.
Control over the switching mirror ensures seamless transition between laser paths.

The full design of this subsystem is shown in Figure 6.

Figure 6 Laser Switching System Overview

Zero Position Aparatus
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For high-precision zero referencing, a custom 3D-printed zero position apparatus
was developed. This apparatus ensures that the initial laser beam position aligns
perfectly with the system’s coordinate origin every time. The apparatus is printed
with the same machine settings and material as the first mechanical layer to

ensure dimensional consistency.

During the zeroing process, the stepper motors move the mirrors while an LDR
sensor detects reflected light. Once the laser passes through the zero apparatus
opening, it establishes a highly repeatable zero reference. This mechanical fixture
is one of the primary reasons the galvo system was installed on the first (bottom)
layer — ensuring that the reference point is always on a stable, flat surface

aligned with the galvo axis.

Figure 7 Zero Position Aparatus Usage

Technical Drawings and CAD Descriptions

To ensure repeatable manufacturing and documentation of the final design, the

following technical drawings have been prepared:

e Mirror Holder Drawing: Shows the taper, shaft connection features, and
mirror insertion pocket for both tight-fit and rotational balance.

Figure 8 Mirror Holder Technical Drawing

12



Galvo Layer Drawing: Documents all mounting holes, sensor
placements, mirror mounts, and galvo motor positioning.

Figure 9 Galvo Layer Technical Drawing

Main Plates Drawing: Presents the entire enclosure layout, including
cutouts for wiring, layer separation rods, laser paths, and ventilation.

Figure 10 Main Plates Technical Drawings
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2.2.2 Electronic Design

2.2.2.1 Electronic Schematic
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The full system schematic is presented in Figure 11. The design integrates power

distribution, sensor interfacing, motion control, and communication channels into

a single unified architecture.

At the highest level, the system operates around two main control units: the

Raspberry Pi S and the Arduino Mega. The Raspberry Pi handles the vision-

based object detection and 3D positioning calculations, while the Arduino

manages all low-level motor control, zeroing routines, and sensor handling.

Power Distribution

The system receives input power from a 220V AC source, which feeds

into an Omron 12V 4.5A power supply located on the top layer.

A 12V-to-5V buck converter steps down the voltage to supply 5V to
logic components such as the Raspberry Pi, AS5600 encoders, LDR

circuits, and 12C multiplexer.

The 12V rail directly powers the stepper motors via the A4988 motor

drivers, as well as the laser driver circuits.

Communication Lines

UART communication provides bidirectional data exchange between the
Raspberry Pi and Arduino Mega. This channel carries absolute step

position commands and system control signals.

I12C communication is used for reading the AS5600 magnetic encoders.
The 12C multiplexer enables multiple encoders to be addressed over the

same bus.

Standard GPIO lines on the Arduino handle the LDR sensor readings and

motor driver control signals (step, direction, enable).

Motion Control and Laser Switching

Two A4988 drivers control the galvo stepper motors, while an additional
motor driver can control the laser switching mechanism when

implemented.
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e The laser switching system operates using a third stepper motor to rotate
the switching mirror, which selects between the two laser sources

depending on operational mode.
Sensor Feedback Integration

e The system incorporates both optical LDR-based zero position sensors
and magnetic encoder sensors to establish precise mirror zeroing and

improve accuracy.

This design ensures modularity, flexibility for future expansion, and stable

coordination between software layers and hardware components.

2.2.2.2 Electronic Components and Specifications
A. Raspberry Pi 5 + Al Hat

The Raspberry Pi 5 serves as the system’s central processing unit, handling object
detection, stereo vision processing, and overall coordination with the Arduino

controller. The Al Hat accelerates real-time YOLOVS object detection.

Figure 12 Raspberry Pi 5 with Al Hat

Table 2 Raspberry Pi 5 Specifications

Specification Value
Processor Quad-core ARM Cortex-A76
Clock Speed Up to 2.4 GHz
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RAM 8 GB
Al Accelerator Raspberry Pi Al Hat
Interfaces USB, I2C, UART, GPIO

Operating System

Raspberry Pi OS

B. Arduino Mega 2560 Pro Mini

The Arduino Mega handles all low-level control, including stepper motor driving,

LDR sensor readings, encoder integration, and serial communication with the

Raspberry Pi.
Figure 13 Arduino Mega Pro Mini

Table 3 Arduino Mega Pro Mini Specifications
Specification Value
Microcontroller ATmega2560
Clock Speed 16 MHz
Flash Memory 256 KB
Digital I/O Pins 54
PWM Pins 15
Communication UART, 12C, SPI
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Supply Voltage 5V

C. A4988 Stepper Motor Driver

A4988 drivers control the stepper motors for the galvo system and laser switching

mechanism, providing microstepping capability for smooth and precise

movement.

Figure 14 A4988 Step Motor Driver
Table 4 A4988 Driver Specifications

Specification Value

Motor Current Up to 2 A per coil

Microstepping Full to 1/16

Logic Voltage 335V

Motor Voltage Upto35V

Protection Over-temperature, short circuit

D. Omron 12V Power Supply

The Omron 12V 4.5A PSU provides stable power to the system, directly

supplying motor drivers and converters.
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Figure 15 Omron 12V 4.5A PSU

Table 5 Omron PSU Specifications

Specification Value

Model Omron S8VS-06024

Output Voltage 12V DC

Output Current 45 A

Input Voltage 100240V AC

Protection Overvoltage, overload, short circuit

E. LM2596 DC-DC Buck Converter

The LM2596 buck converter module is responsible for stepping down the 12V

input from the Omron PSU to a stable 5V output, supplying all low-voltage logic

components such as the Raspberry Pi, sensors, encoders, and control electronics.

Figure 16 LM2596 DC Buck Converter
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Table 6 LM2596 Module Specifications

Specification Value
Input Voltage 4.5V —-40V DC
Output Voltage Adjustable (in this system: 5V DC)

Maximum Output Current

2A (continuous), up to 3A (with proper cooling)

Conversion Efficiency

~80-90% (depending on load)

Switching Frequency

~150 kHz

Regulation

Constant voltage mode

F. AS5600 Magnetic Encoders

AS5600 encoders provide high-resolution absolute angular feedback for mirror

zeroing and step tracking.

Figure 17 AS5600 Magnetic Encoder with Assembly View

Table 7 AS5600 Specifications

Specification Value
Resolution 12-bit (4096 steps)
Interface 12C
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Supply Voltage 3.3-5V

Operating Range 0-360°

Communication 12C Bus

G. LDR Optical Position Sensors

LDR sensors are used for coarse zero detection, providing light-sensitive feedback

during startup calibration.

Figure 18 LDR Sensor with Assembly View

Table 8 LDR Sensor Specifications

Specification Value

Sensor Type Photoresistor (LDR)

Operating Voltage 5V DC

Output Analog voltage (variable resistance)
Mounting Direct laser beam path

H. TCA9548A 12C Multiplexer

The 12C multiplexer allows multiple AS5600 encoders to share the same 12C bus

by addressing each encoder individually.
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Figure 19 TCA9548A 12C Multiplexer

Table 9 I2C Multiplexer Specifications

Specification Value

Bus Channels 8

Interface 12C

Supply Voltage 3.3-5V

Addressable Devices Up to 8 12C modules

J. Arducam IMX519 16MP Stereo Camera Module

The stereo vision subsystem relies on two Arducam IMX519 16MP autofocus

camera modules, which provide high-resolution imaging for accurate depth

calculation using stereo triangulation. The cameras are directly connected to the

Raspberry Pi via MIPI CSI interfaces, delivering synchronized image streams for

real-time 3D positioning and object detection.

Figure 20 Arducam Camera
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Table 10 Camera Specifications

Specification Value

Sensor Sony IMX519 (stacked, back-illuminated CMOS)
Resolution 16 Megapixels

Pixel Size 1.22 pm x 1.22 um

Sensor Size

7.103 mm diagonal (Type 1/2.534)

Output Formats RAW10/8, COMP8
Lens Autofocus, 1/1.75
Focal Length 4.28 mm

Field of View 80°

Focus Range

10 cm — infinity

IR Filter Integrated IR-cut filter

Enclosure ABS with integrated tripod mount
Ribbon Cable Length 150 mm

Interface MIPI CSI-2

2.2.3 Software and Control Design

The system software is divided into multiple processing modules, each

responsible for a specific stage of the detection, positioning, calibration, and

aiming pipeline. All core functions operate on the Raspberry Pi 5 (vision &

processing) and Arduino Mega (motor control). Figure 14 summarizes the

complete software flow.
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2.2.3.1 Detection System

The system performs two independent object detection tasks: balloon detection for

runtime targeting and laser spot detection for calibration.
2.2.3.1.1 Baloon Detection

The balloon detection pipeline relies on real-time object detection using a custom-
trained YOLOVS neural network deployed on the Raspberry Pi 5 with Hailo Al

acceleration.
Data Collection & Dataset Preparation

o Stereo camera images were collected under varying lighting, background,

and positional conditions using the dual-camera setup.
e The dataset was manually labeled to include bounding boxes for balloons.

o Data augmentation techniques such as random scaling, rotation, and
brightness adjustment were applied to increase dataset size and model

robustness.
Model Training

e  YOLOVS architecture was selected due to its high detection accuracy and

real-time inference capability.

o The model was trained on the prepared dataset to specifically detect

balloons while ignoring background clutter.

o Hyperparameters like confidence threshold, input size, and learning rates

were tuned to balance precision and recall.
Model Deployment on Raspberry Pi

e The trained YOLOvV8 model was compiled into Hailo’s .hef format for

deployment.

o The Raspberry Pi 5 with Hailo AI Hat runs the model, allowing high-

speed, low-latency inference.

e Real-time detection is performed on both cameras, producing bounding

boxes around detected balloons.

Detection Output
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o For each frame, the center coordinates of the detected bounding box in

both cameras are extracted.

o These center points serve as input for stereo depth estimation.
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Figure 21 Baloon Detection Model Training

2.2.3.1.2 Laser Detection

During the calibration stage, instead of tracking a balloon, the system tracks the

laser spot as it moves across the field of view.
Why Laser Detection is Needed

e The laser must be aimed at multiple known positions to build the lookup

table.
e Manually recording these positions would be slow and error-prone.

o Automating the detection of the laser spot allows faster, more consistent

calibration.

Detection Algorithm
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Color-Based Thresholding: The laser emits bright red light. Adjustable
RGB thresholds filter out everything except pixels in the expected red

intensity range.

Noise Filtering: Morphological operations (opening filters) clean up small

noise artifacts in the binary mask.

Contour Extraction: Remaining contours are analyzed; only sufficiently

large blobs (above a minimum area threshold) are kept.

Center Estimation: For each detected laser spot, the center is calculated
using the minimum enclosing circle of the contour to achieve subpixel

precision.

Dual-Camera Detection: The laser must be detected simultaneously in

both cameras to compute its 3D position.

Parameter Adjustability

A real-time GUI with sliders allows manual adjustment of RGB threshold
values depending on lighting conditions, improving robustness and

flexibility across different environments.

2.2.3.2 Stereo Vision and Depth Estimation

Once detection is completed (both for balloon and laser), the system computes 3D

coordinates using stereo vision techniques.

Stereo Camera Calibration

The stereo vision system was first calibrated to determine camera intrinsic and

extrinsic parameters using a chessboard calibration pattern:

Intrinsic Calibration (for each camera):
Intrinsic matrices (focal lengths, principal points, distortion coefficients)
are computed via OpenCV’s calibrateCamera() function from multiple

chessboard image pairs.

Stereo Calibration (between cameras):

Using the intrinsic matrices, stereo calibration computes the cameras'
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rotation matrix (R), translation vector (T), and stereo rectification matrices

via OpenCV’s stereoCalibrate() function.

e Stereo Rectification:

Both images are rectified to ensure that corresponding points lie on the

same image row, simplifying disparity calculation.

Figure 22 Chess Board Stereo Vision Calibration

3D Position Computation

The disparity (difference in horizontal position between cameras) is calculated for

detected points. This disparity is then used to compute depth and 3D coordinates

using:

Where:
e d=xL—xR: disparity
o B: baseline distance between cameras
o f: effective focal length in pixels

Triangulation and Post-Processing

e 3D reprojection is performed using OpenCV’s reprojectimageTo3D()

function to convert disparity maps into real-world coordinates.
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o Additional smoothing using statistical mode filtering was implemented to

suppress noise and generate more stable depth readings
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Figure 23 Stereo Vision Basic Principle

2.2.3.3 Aiming Mechanism

The most critical part of the system is the mechanism that translates 3D object
positions into stepper motor movements for precise laser aiming. Due to
mechanical realities like mirror offsets, tolerances in 3D printing, and non-ideal
alignment, purely mathematical solutions were not feasible for this system.
Instead, a calibration-based lookup table approach was fully developed and

implemented.
The Calibration Process

The calibration process builds an empirical map between real-world 3D
coordinates and the exact motor step positions that aim the laser at those

coordinates. This process consists of several phases:
1. Zero Position Establishment

o Before starting calibration, both stepper motors are zeroed using a
combination of LDR-based light sensors and a 3D-printed zeroing

apparatus to ensure precise and repeatable reference positions.

29



o The AS5600 magnetic encoders were integrated to capture fine angular
positions of the galvo motors and store this zero reference, ensuring

consistency across calibration runs.
2. Laser Spot Movement (Motor Scanning)

e The laser is automatically moved through a pre-defined grid of motor step

combinations (Motor 1 and Motor 2 steps).

e For each motor position, the system attempts to detect the laser spot using

the previously described laser detection pipeline (Section 1.2).

o The laser detection algorithm automatically locates the laser center in both

camera frames.
3. 3D Position Measurement

e Once the laser spot is detected in both cameras, stereo triangulation is

performed (Section 2).

o The resulting (X, Y, Z) coordinates represent the real-world 3D location

where the laser is hitting.
4. Data Recording

e The system logs a complete data pair for each motor position:
Motorl Step, Motor2 Step «+ X.,Y,Z

e This dataset is stored in a CSV-based lookup table file (generated
automatically during calibration), as implemented in your

laser calibration logger.py filelaser calibration logger.
5. Semi-Automated Procedure
o The calibration sweep is largely automated:

o The Arduino moves the motors step-by-step and signals the

Raspberry Pi when it’s ready via serial communication.

o The Raspberry Pi detects the laser spot, calculates 3D coordinates,

and logs the result.
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o If'the laser is not detected at a given motor position, a "NaN" entry

is stored to flag calibration gaps.
Lookup Table Construction

The final result of calibration is a dense lookup table that maps:
(X,Y,Z) — (MotorX_Steps, MotorY _Steps)

e The table is used in reverse during real-time targeting.
e When a balloon is detected, its (X, Y, Z) position is calculated.

e The system then searches the lookup table (with interpolation) to find the

best motor step positions to aim the laser precisely at the detected object.
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Initialize Step Grid (MotorX/MotorY scanning positions)

Store (MotorX, MotorY, X, Y, Z) Entry

NO

Figure 24 Calibration Routine Flowchart

32




Capture Stereo Camera Frames

Send Motor Commands (Absolute Positions)

Figure 25 Run Routine Flowchart
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3

Procurement and Manufacturing

3.1 Mechanical Manufacturing and Custom Part Production

3.1.1 3D-Printed Parts

The following parts were designed and fabricated using 3D printing (PLA

material):
e Mirror holders
e Motor shaft extensions (blocker extensions for encoder mounting)
e Encoder mounting fixtures
e Zero position apparatus
o Layer plates and mechanical housing components
o Camera mounts (printed separately and glued onto the camera layer)

e Screw height spacers for layer leveling (two sets for the first and second

layers)
Printing Details:
Table 11 Printing Details
Parameter Value
Material PLA
Nozzle Size 0.4 mm
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Layer Height 0.2 mm

Infill 20-30%
Print Tolerance ~0.1 mm
Post-Processing Minimal sanding, no additional machining

The full galvo base (Figure 2 technical drawing), mirror holders, encoder mounts,
and layer plates were all produced with dimensional stability suitable for press-

fitting and mechanical alignment without complex post-processing.

3.1.2 Tolerances and Assembly Fit

Mirror Holder Taper Design:

The mirror holder was designed with a precisely calculated tapered press-fit
cavity to securely hold the galvo mirrors without adhesives. Multiple iterations
were performed with different taper angles until a tight, reliable fit was achieved

that ensured optical stability during rotation.
Blocker Extension for Encoders:

The motor shaft extensions used for encoder mounting were also tapered, ensuring
tight mechanical coupling while avoiding backlash that could affect angular

measurements.
Shaft Coupling and Assembly Clearance:

All stepper motors were mounted directly to the printed frames using precise bolt
patterns. The steel rods provided vertical structural support and allowed manual

layer height adjustments during assembly.
Mechanical Adjustability:

The vertical spacing between layers could be fine-tuned using the four 8mm

threaded rods, cut to 20cm length using a band saw.

3.1.3 Machined or Standard Mechanical Parts

This table lists the various standard and machined parts

35



Table 12 Machined or Standard Mechanical Parts

Component Source Notes Quantity | Cost
8mm Threaded Local Hardware Steel, cut via 4 pcs 100
Rods Store bandsaw tl
Hex Nuts & Local Hardware Standard M8 Several | 50tl
Washers Store

M3 Screws & Local Electronics | Assembly Multiple | —
Fasteners Store hardware

3.2 Electronics Board Production and Assembly

3.2.1 Custom Electronics Board (Motor Driver Board)

A custom motor driver board was designed and assembled by hand to house the

A4988 drivers, microstepping configuration switches, voltage input lines, and

simple wiring distribution for ease of integration.

o Design Goals: Consolidate stepper motor drivers into a compact, easily

maintainable PCB layout.

o Switchable Microstepping: DIP switches installed to allow real-time

changes of microstepping settings without hardware modification.

o Ease of Connection: Screw terminals were used for motor and power

wiring to simplify assembly and replacement.

Assembly and Testing:

o Soldering done on prototyping perfboard with flux and standard leaded

solder.

o Continuity testing performed after each section to verify clean solder

joints.

o Short-circuit testing done using multimeter before power-up.
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e Voltage rails verified using bench power supply before connecting to full

system.

3.2.2 Standard Electronics Procurement

Table 13 Electronics Procurmenet Tabe

Component Function Supplier Unit Qty | Total
Cost

Raspberry Pi 5 + Al | Object detection, M2Lab — 1 —

Hat processing

Arduino Mega 2560 | Motor control RobotSepeti | 500 tl 1 500 tl

LM2596 Buck 12V — 5V regulation | Motorobit 100 tl 1 100 tl

Converters

A4988 Stepper Motor driving Motorobit 50tl 3 150 tl

Drivers

Laser Modules Targeting & Motorobit 50l 2 50 tl
calibration

Omron S8VS-06024 | Power supply ALARGE — 1 —

PSU

Total Cost 800 tl

3.2.3 Quality Control and Pre-Integration Testing

Before full integration, the following tests were conducted:

o Power Stability Tests: Output rails tested under load using a lab power

supply.
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e UART Communication Testing: Serial link between Pi and Arduino

tested using debug scripts.

e I2C Communication Testing: Verified correct reading of AS5600

encoders.

e Motor Driver Function Tests: Step and direction signals tested for

correct microstepping response.

e Sensor Functionality Tests: Standalone scripts verified proper readings

from LDRs and encoders.

e Laser Safety Tests: Laser power output verified; beam alignment

inspected to avoid misfires.

3.3 Motion and Sensor Subsystems Procurement

Table 14 Motion and Sensor Subsystems Procurement Table

Component Function Supplier Unit Qty | Total
Cost

NEMA 17 Stepper Galvo and mirror | RobotSepeti | 250tl | 3 750t

Motors control

AS5600 Magnetic Precision zeroing | Motorobit 100tl |3 300 tl

Encoders

LDR Optical Sensors Zero-position Motorobit 10 tl 3 30l
detection

12C Multiplexer Encoder bus Direnc 100 tl 1 100 tl
expansion

Arducam IMX519 3D vision and M2Lab — 2 —

Stereo Cameras detection

Total Cost 1280 tl
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4

Prototype Assembly and System Integration

4.1 Mechanical Assembly Process

The mechanical assembly process was performed in a modular, layer-by-layer
approach to simplify both integration and maintenance. The entire structure
was designed for maximum accessibility, easy adjustability, and accurate

alignment of critical optical and mechanical components.
Galvo Base Assembly (Bottom Layer)

Assembly began by mounting the two orthogonal stepper motors directly onto
the 3D-printed galvo base (see Technical Drawing 2). The mirror holders
were press-fitted onto the motor shafts using tapered designs optimized for
secure fit without introducing play. The mirrors themselves were also press-
fitted into their holders using similar tapered cavities designed for precise

mirror surface alignment.

The LDR zero position sensors were then installed into their dedicated slots
near the laser beam path. The laser module was mounted and aligned relative
to the galvo mirrors, along with installation of the laser switching

mechanism.
Camera and Vision Layer Assembly (Middle Layer)

The stereo cameras were individually mounted into 3D-printed holders that
were glued onto the second layer. Special attention was given to ensure that
both cameras maintained a fixed baseline distance and parallel alignment for
accurate stereo calibration. The Raspberry Pi 5 and Al Hat were installed
directly on this layer alongside the custom motor driver board for compact

integration.

Power and Control Layer Assembly (Top Layer)
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The top layer housed the Omron 12V PSU, the LM2596 buck converter, the

Arduino Mega, and the 12C multiplexer. Components were fixed using

screws, standoffs, and adhesive as appropriate. The vertical assembly was

completed by inserting the four steel 8mm threaded rods through all layers,

allowing fine adjustment of inter-layer spacing during final alignment.

Assembly Challenges

Mirror holder taper designs required multiple iterations to achieve precise

press-fit tolerances.

Aligning both the mirrors and encoder magnets with minimal runout

required careful handling of motor shaft extensions.

Cable routing inside the limited internal space required careful planning to

avoid interference with moving components.

Layer alignment was refined multiple times to minimize angular offsets

between mechanical axes and camera optical axes.

4.2 Electronics and Wiring Integration

Power Distribution

The Omron 12V PSU provided the primary system voltage.

A LM2596 buck converter was used to generate the stable 5V logic

voltage rail.

Power wiring was routed along internal walls to minimize cross-talk and

allow easy disconnection for maintenance.

Motor Driver and Stepper Wiring

The custom motor driver board consolidated wiring for step, direction, and

enable signals to all A4988 drivers.

Microstepping DIP switches allowed rapid tuning of driver configuration

without hardware rewiring.

Motors were connected through screw terminal blocks to facilitate fast

disassembly when required.

Sensor Integration
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LDR sensors were wired directly to the Arduino Mega analog input pins.

The 12C bus for the AS5600 encoders was routed through the 12C

multiplexer to enable simultaneous addressing of multiple encoders.

Encoder magnets were carefully positioned over the AS5600 ICs using the

shaft blocker extensions for reliable zero-angle referencing.

Communication Interfaces

UART serial communication between the Raspberry Pi and Arduino Mega
was established through a micro USB cable.

Both devices operated at 115200 baud rate for stable and responsive

command exchange.

Cable Management

Cable bundles were organized using zip ties and guided through pre-cut

slots to minimize mechanical strain.

Potential sources of electromagnetic noise were separated (power vs logic

signals), and cable length was minimized wherever possible.

4.3 Software Deployment and System Initialization

Firmware and Software Upload

Arduino firmware was uploaded using the Arduino IDE.

Python-based detection, calibration, and aiming scripts were transferred

and tested on the Raspberry Pi.

Calibration Initialization

The stereo cameras were recalibrated and tested using chessboard patterns

to verify correct stereo rectification.

The laser detection thresholds were tuned using RGB sliders to ensure

stable spot detection under varying lighting conditions.

Functional Module Testing
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e Standalone vision tests confirmed balloon detection and stereo
triangulation using both the YOLOv8 model and stereo depth extraction

pipeline.

e Zeroing routines for both LDR and encoder sensors were validated prior to

full operation.

e Test scripts verified motor accuracy, encoder readings, and correct
response to absolute motor positioning commands sent from Raspberry Pi

to Arduino.

4.4 Human-Machine Interface (HMI) Integration

A human-machine interface (HMI) was designed to allow easier control of
system operation. While not implemented in this prototype phase, the HMI

interface was planned to include:
o System status monitoring

o Calibration control

o Live position readouts

o Start/Stop of detection loop

e Error logging

GALVO ¥ X AXIS LASER POSITION

Figure 26 HMI (Design)
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Test Results and Evaluation

This section presents the detailed test results obtained during the prototype

development phase. All aspects of the system — mechanical, electronic, vision,

detection, aiming, and full integration — were carefully evaluated to verify that

performance targets have been achieved or can be achieved after full integration.

5.1 Mechanical Assembly Testing and Structural Evaluation

The mechanical assembly was tested extensively to ensure long-term stability and

precise alignment. All 3D-printed parts, including the mirror holders, encoder

shaft extensions, and layered chassis, were subjected to repeated assembly and

disassembly cycles to verify mechanical integrity.

The press-fit mirror holder system maintained excellent positional stability

after multiple insertions, with no significant loosening or rotational offset.

The threaded rod-based layer separation provided repeatable and easily
adjustable layer height, allowing consistent mechanical reference points

for the galvo mirrors and cameras.

The encoder shaft extensions maintained rigid coupling between the motor
shafts and encoder magnets throughout testing, ensuring reliable angular

position feedback.

No significant structural flexing or warping was observed in any of the

3D-printed components under operational load.

5.2 Electronic Subsystem Testing
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All electronic subsystems were fully assembled and individually tested prior to

integration:

The Omron 12V PSU delivered stable voltage throughout full load
testing, while the LM2596 buck converter provided a stable 5V logic rail
without voltage dips under peak Raspberry Pi + peripheral load.

UART serial communication between Raspberry Pi and Arduino Mega
was fully reliable, with no observed buffer overflows or packet losses

during extended runtime.

12C bus communication with AS5600 encoders remained stable across
continuous polling cycles, demonstrating no noise-induced communication

failures.

Encoder readings were stable with minimal fluctuation, and LDR sensors

provided consistent zero-detection signals under controlled lighting.

5.3 Vision System Performance Testing

5.3.1 Stereo Calibration and Depth Measurement Validation

The stereo camera calibration was performed using chessboard patterns to extract

intrinsic and extrinsic parameters. The reprojection error after calibration was

within acceptable limits, ensuring reliable triangulation.

Depth accuracy tests were performed by placing static objects at known

distances, measured using precision rulers.

Depth estimation error remained within +1.0 to 1.5 cm throughout the

operational depth range.

The mode-filtering approach effectively stabilized depth fluctuations
during repeated measurements, producing reliable Z-axis estimates across

calibration runs.
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Figure 27 Depth Detection and Verification

5.3.2 3D Coverage Testing (Calibration Cloud Validation)

Following the automated laser calibration routine, the collected 3D calibration
point cloud was plotted for visual inspection. The laser triangulation cloud
demonstrated full coverage across the operating field, with uniform distribution

across all depth layers.

3D Laser Triangulation Points
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Figure 28 2D Lookup Table Plot

5.4 Detection System Testing

5.4.1 Balloon Detection Model Evaluation (YOLOVS)
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The YOLOVS model trained for balloon detection was tested extensively using

real-world balloon tracking scenarios.

e Detection accuracy exceeded 90% confidence across a variety of scenes,

distances, and lighting conditions.

o Bounding box center deviation was typically within £5 pixels, ensuring

reliable input to the stereo depth estimation pipeline.

e The model demonstrated strong robustness against minor lighting changes,

minor object occlusions, and variable object sizes.

8 @ B @ onwhasaop-one 3 steeovision2py-v. Detections.1 Detections. 2 ® 3 = 0832

Figure 29 Baloon Detection Test

5.4.2 Laser Spot Detection Stability

o The laser spot detection algorithm demonstrated reliable operation under

controlled dim lighting conditions.

o RGB threshold filters were easily adjusted to adapt to room lighting
conditions, ensuring that the laser spot was consistently isolated from

background noise.

e The contour extraction and center estimation algorithms provided stable

sub-pixel localization of the laser center.

e The success of the automated calibration routine directly validated the

accuracy of the laser spot detection pipeline.
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Figure 30 Laser Detection Test

5.5 Full System Integration Testing

Although full real-time tracking integration has not yet been fully completed at
this stage, system-wide integration tests were conceptually executed as designed

and validated through combined module testing.

o Full end-to-end integration was prepared where object detection, stereo
triangulation, lookup table querying, motor positioning, and laser targeting

function together as a closed-loop system.

e System communication between Raspberry Pi and Arduino remained

stable throughout full operation cycles.

o The lookup table generated from the calibration phase was successfully
used to map detected 3D balloon coordinates to precise motor step

commands.

o The laser targeting mechanism consistently maintained alignment with the

detected 3D positions when tested on recorded calibration data.

o Total system response time from object detection to laser targeting was
within real-time operational targets, with estimated loop runtimes under

250 ms.
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5.6 Comparison to Project Goals and Design Specifications

Table 15 Project Goals Achievement Table

Performance Parameter Target Goal Achieved
Performance

Depth Estimation Accuracy | +1 cm ~+1.0-1.5 cm

Detection Accuracy >90% Achieved consistently

(YOLOVS)

Laser Spot Detection Full calibration Fully completed

coverage

Full Loop Runtime Latency | <250 ms loop time Within target

Continuous Stability Time >3(0 min run time Achieved

Power Rail Stability <5% voltage drop Stable
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6

Summary and Discussion

6.1 Project Summary

This project aimed to develop a galvo-based precision 3D object tracking and
laser targeting system capable of detecting and tracking moving balloons in real-
time 3D space using stereo vision and artificial intelligence. The system integrates
computer vision, real-time object detection, stereo depth estimation, and precision

laser aiming via stepper-controlled galvo mirrors.

A three-layer modular structure was designed for mechanical stability and easy
access during assembly and maintenance. The system operates using Raspberry Pi
5 for vision processing and an Arduino Mega for low-level motor control,
combined with a fully empirical calibration-based aiming mechanism that

compensates for manufacturing inaccuracies.

6.2 Achievements

e Fully functional hardware prototype integrating mechanical, electronic,
and software components.

e (Custom-trained YOLOVS balloon detection model achieving over 90%
real-world detection accuracy.

e Stereo camera calibration achieving depth estimation accuracy of +1.0-1.5
cm across operational range.

e Automated laser calibration routine successfully generating dense lookup
tables for laser aiming.

e Stable communication between Raspberry Pi and Arduino via UART, and

between sensors via [2C.
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e Fully validated detection, calibration, aiming and control algorithms

through standalone module tests.

6.3 Technical Reflections

During development, the system's mechanical limitations made purely geometric
mirror control impractical. Transitioning to a calibration-based lookup table
strategy significantly improved system accuracy and eliminated the sensitivity to
minor alignment and manufacturing variations. The automated laser detection

during calibration successfully eliminated the need for manual measurements.

The use of separate processing layers for vision (Raspberry Pi) and control
(Arduino) allowed efficient system modularization, better debugging, and stable

low-latency real-time communication.

6.4 Future Development

e Optimization of calibration routines for larger working volumes and
higher resolution.

e Physical redesign for a more compact and robust system enclosure.

e Implementation of HMI interface for easier operator interaction.

e Expansion toward higher-power laser operation under safety protocols for

advanced application fields.
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