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Abstract

3D mapping technology plays a key role in the field of robotics and autonomous

navigation by enabling accurate perception and understanding of a robot’s surrounding

environment. However, traditional 3D mapping systems can be expensive and inaccessible,

limiting their application in low-cost scenarios.

This work presents the development of a low-cost 3D mapping technology for trajec-

tory planning using the A* algorithm. The main objective of this study is to provide a

feasible and cost-effective solution for 3D mapping, enabling accurate trajectory planning

in robotic environments.

The proposed approach combines a 2D LiDAR, a stepper motor, and the A* algorithm

for trajectory planning. In addition, a circuit board for connecting and controlling the

equipment and a 3D-printed support for attaching the LiDAR to the motor shaft are

developed. The system is able to acquire data, perform the processing and generate a

point cloud for use in trajectory planning with the A* algorithm.

The experimental results demonstrate the effectiveness and feasibility of the proposed

technology, opening doors to low-cost robotics applications, such as small autonomous

vehicles. Furthermore, this approach offers an affordable alternative for research and

development in the field of 3D mapping and trajectory planning. Finally, possible im-

provements to be implemented in future work are highlighted.

Keywords: Path planning algorithm, A*, LiDAR, Low-cost 3D mapping.
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Resumo

A tecnologia de mapeamento em 3D desempenha um papel fundamental no campo da

robótica e da navegação autônoma, pois permite a percepção e a compreensão precisas do

ambiente ao redor de um robô. Entretanto, os sistemas tradicionais de mapeamento em

3D podem ser caros e inacessíveis, limitando sua aplicação em cenários de baixo custo.

Este trabalho apresenta o desenvolvimento de uma tecnologia de mapeamento em 3D

de baixo custo para o planejamento de trajetórias usando o algoritmo A*. O principal

objetivo deste estudo é fornecer uma solução viável e econômica para o mapeamento em

3D, permitindo o planejamento preciso da trajetória em ambientes robóticos.

A abordagem proposta combina um LiDAR 2D, um motor de passo e o algoritmo A*

para planejamento de trajetória. Além disso, foram desenvolvidos uma placa de circuito

para conexão e controle do equipamento e um suporte impresso em 3D para fixar o LiDAR

no eixo do motor. O sistema é capaz de adquirir dados, realizar o processamento e gerar

uma nuvem de pontos para uso no planejamento de trajetória com o algoritmo A*.

Os resultados experimentais demonstram a eficácia e a viabilidade da tecnologia pro-

posta, abrindo portas para aplicações de robótica de baixo custo, como pequenos veículos

autônomos. Além disso, essa abordagem oferece uma alternativa acessível para pesquisa

e desenvolvimento no campo de mapeamento 3D e planejamento de trajetória. Por fim,

são destacados possíveis aprimoramentos a serem implementados em trabalhos futuros.

Palavras-chave: Algoritmo de planejamento de caminho, A*, LiDAR, mapeamento 3D

de baixo custo.
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Chapter 1

Introduction

Modern industry is a complex and dynamic sector that involves the large-scale pro-

duction of a variety of products, from consumer goods to industrial components. For

this production to take place e�ciently and economically, it is crucial to have an e�ective

organizational system, especially with regard to stock and the movement of raw mate-

rials and goods [1]. In this context, automation plays a key role, and robots known as

Automated Guided Vehicles (AGVs) are key pieces of this puzzle [2].

Organizing stock and moving materials in a traditional industry can be a challenging

task. Traditionally, forklift or trolley operators transport materials from one place to

another, which can be ine�cient and susceptible to human error. This is where AGVs

come in, which are autonomous robots designed to transport materials e�ciently and

safely within an industrial facility [3].

AGVs are programmed to follow an optimized path, which takes into account the

location of materials and space constraints. This can signi�cantly increase production, as

it eliminates the need for downtime caused by inappropriate movements or delays in the

delivery of raw materials. In addition, AGVs can operate 24 hours a day, seven days a

week, without the need for rest, which further increases the industry's e�ciency [3].

Path planning for AGVs involves optimizing routes to ensure that they reach their

destinations as quickly and e�ciently as possible. This is done by taking into account

factors such as the current location of materials, space availability, delivery priority and

1



2 CHAPTER 1. INTRODUCTION

collision minimization. Advanced algorithms are used to calculate optimal routes in real

time, ensuring that AGVs can adapt to changing environmental conditions [4], [5].

In the context of Industry 4.0, 3D scanning of the environment plays a crucial role in

path planning. It allows AGVs to have a more accurate understanding of the environment

in which they operate, including the precise location of machines, stock and obstacles.

This enables more precise and �exible path planning, reducing the risk of collisions and

improving operational e�ciency [6].

3D scanning of the environment is also a key part of the smart factory trend, where au-

tomation and connectivity are maximized. However, the cost associated with implement-

ing 3D scanning systems can be a signi�cant obstacle for many companies [7]. Therefore,

the development of low-cost systems for 3D scanning is essential to ensure that compa-

nies of all sizes can bene�t from this technology and remain competitive in the age of

Industry 4.0, which re�ects the approach presented in the Original Project Proposal (see

Appendix A).

1.1 Objectives

The objective of the proposed work is to develop a low-cost autonomous system for

3D scanning of indoor environments, in order to carry out path planning from a point

cloud generated by a 2D LiDAR sensor.

This being the general objective, the work will be divided into the following speci�c

tasks:

ˆ Study of the hardware components: ESP32, stepper motor and 2D LiDAR, followed

by their integration;

ˆ Design of the prototype's physical structure, to accommodate and interconnect the

hardware components;

ˆ Development and testing of the electronic circuit on a protoboard and design of the

circuit board;
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ˆ Study of the C++ and Python programming languages and the necessary libraries

to develop the control and data processing algorithm;

ˆ Development of the Graphical User Interface (GUI);

ˆ Carrying out tests and validating the system.

1.2 Work Structure

The present work is structured in �ve chapters, the �rst being an introduction to the

theme in general, the presentation of the justi�cation that motivated the development of

this work and the objectives that are expected to be achieved.

The second chapter describes some fundamental concepts to help understand this

work, as well as discussing the tools, devices and techniques used in the development of

this work and presenting some related work.

The third chapter presents a detailed description of all the stages of the project de-

velopment, which includes illustrative schemes of the system operation and the tasks

performed by it.

In the fourth chapter, the methodology developed will be applied and the respective

results will be presented and discussed.

Finally, in the �fth and last chapter, the �nal considerations are presented, containing

the conclusions obtained from this work, as well as proposals for improvements and ideas

for future work.





Chapter 2

State of Art and Study of Tools

This chapter contextualizes, through a literature review, the main concepts covered in

this work. It also presents some of the projects in which the LiDAR sensor and 3D mapping

have been applied. Additionally, the tools, devices and techniques used in the development

of this work will be described, highlighting the main features and functionalities.

2.1 Theoretical Background

In this section, an overview of the relevant theoretical foundations related to the

topic of the study will be presented. Fundamental concepts and theories will be covered,

establishing a solid basis for understanding and developing the research in question.

2.1.1 LiDAR Technology

Light Detection And Ranging (LiDAR) is an optical scanning technology that uses

laser pulses to measure the distance between a sensor and an object and create represen-

tations of the environment [8]�[11].

A typical LiDAR system operates by scanning its �eld of view with one or several

laser beams, which are re�ected by the environment back to the scanner. The returned

signal is received by a photodetector, and the range is estimated from the sensor model

5



6 CHAPTER 2. STATE OF ART AND STUDY OF TOOLS

based on the di�erence between the transmitted and received signals [10].

2.1.2 Principle of Triangulation

One of the methodologies used to calculate the distance to the object of interest is

measurement using the triangulation principle. To do this, the sensor emits a laser beam

which is re�ected and captured by a photosensitive sensor present in the equipment. The

working principle of a triangulation-based ranging system is shown in Figure 2.1.

Figure 2.1: Working principle of a triangulation-based LiDAR sensor.

Source: Adapted from [12].

In this way, when the object approaches or moves away from the emitter, the re�ected

light beam touches the photosensitive sensor at another position, where the position of

the object is estimated using geometric triangle theorem [12], [13]:

d =
fs
x

(2.1)

whered is the distance to be measured,s is the distance between the lens and the laser,

f is the focal length andx is the o�set of the point on the lens.
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2.1.3 Time of Flight

Another method used for distance calculations in LiDAR sensors is Time of Flight

(ToF), which measures distance based on the time it takes for a signal to travel from a

source to a target and vice versa [14].

An important feature of ToF systems is that their range resolution is based on the

shortest measurable time interval and not on the distance to the object. As a result,

measurement errors remain constant regardless of the proximity of the object, as mea-

surement accuracy is determined by the sensor's ability to measure the di�erence between

the moment the re�ected signal is emitted and received. And this makes ToF the most

abundant type of Laser Range�nder (LRF) on the market due to its cost-e�ectiveness.

The basic principle of an ToF ranging system is shown in Figure 2.2.

Figure 2.2: Working principle of a ToF LiDAR sensor.

Source: Adapted from [11].

In this method, the distance traveled by the signal round trip is given by Equation

( 2.2) [15]:

d = v � � t (2.2)

whered is the distance traveled by the signal round trip,� t is the measured time andv

is the speed of the signal.
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The signal used in ToF systems can be in the form of light frequencies, radio frequencies

or sound energy, depending on the speci�c application, and these devices go by names

such as LiDAR, RADAR and SONAR, respectively [16], [17].

In the case of LiDAR, which uses laser light pulses to measure distances, the speed of

the signal is the speed of light. Therefore, the distance can be estimated by Equation 2.3.

d =
c � � t

2
(2.3)

whered is the distance from the object found,� t is the measured time andc is the speed

of light, which is around 3:00� 108m=s in vacuum.

2.1.3.1 LiDAR sensors as 1D, 2D or 3D variant

LiDAR sensors can operate in one, two or three dimensions, depending on their con�g-

uration and movement [18]. Initially, simple LiDAR sensors operate in a single dimension

(1D), measuring the distance between the sensor and a target.

When the measuring beam is moved or rotated in a plane, information is obtained on

both distance and angle, resulting in a 2D measurement [18]. These sensors are known as

2D laser scanners or 2D-LiDAR sensors.

For 3D measurements, LiDAR sensors can be tilted, providing information on distance,

position in the x, y and z directions. In addition, systems with emitters or receivers moved

at di�erent horizontal angles on a scanning sensor can collect detailed information about

space, and are referred to as multi-position measurement scanners [18].

2.1.4 Point Cloud

A point cloud is a collection of data points in a three-dimensional coordinate system

that can be generated using a variety of methods, including 3D scanning technologies

such as LiDAR, structured light scanning, 3D image capture or photogrammetry [19].

Each point in the point cloud has information about its spatial position (x, y and z
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coordinates) and, in some cases, additional information such as color, intensity or tex-

ture [20], [21].

Point clouds are a rapidly growing technology that can generate virtual replicas of

existing objects, o�ering numerous applications in education, entertainment, preserva-

tion, restoration, safety inspections, and autonomous vehicles. They can be used to scan

real-world locations, create detailed digital models, and assist in safety inspections dur-

ing construction projects. As an example, Figure 2.3 shows the reconstruction of the

Colosseum in a point cloud.

Figure 2.3: Point cloud reconstruction of the Colosseum.

Source: Adapted from [22]

Additionally, point clouds can be used to collect data for future self-driving cars,

enabling the development of machine learning and deep learning algorithms, ultimately

leading to the advancement of Advanced Driver-Assistance System (ADAS) technology.

2.2 Related Work

This section will present a general review of the work related to this research. Under-

standing previous advances and �ndings is essential to contextualize the contribution of

this work.
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Laser scanning technology is proving to be a promising option for a wide range of

mapping and modeling applications, making it possible to very quickly acquire a huge

amount of 3D data that o�ers a lot of information about the environment [23].

For this, many works are developed using 3D LiDAR or sensors with more than one

sensing array to capture more information and obtain a 3D point cloud, such as the work

developed in [24], which describes the construction of a point cloud database containing

389 stereo and optical �ow image pairs, 39.2 km long stereo visual odometry sequences and

more than 200,000 annotations of 3D objects captured in cluttered street scenes and their

speci�cities in the city of Karlsruhe, Germany. The authors used their autonomous driving

platform equipped with four high-resolution cameras, a laser scanner and a state-of-the-art

localization system to create benchmarks for various tasks, including stereoscopy, optical

�ow, visual odometry/Simultaneous Localization and Mapping (SLAM) and 3D object

detection. The laser scanner used was the Velodyne HDL-64E, a sensor with 64 lasers, a

range of up to 120 meters, and which returns up to 2,200,000 points per second. Other

works have been developed using the database cited, such as [25]�[30].

In [31], the authors address the limitations that still exist when it comes to acquiring

high-precision 3D LiDARs, which remain expensive and di�cult to access. The focus

is directed towards the Robosense RS-LiDAR, a low-cost LiDAR model with su�cient

supplies, compared to the Velodyne VLP-16. In addition, the study presents a series of

evaluations aimed at analyzing the characteristics and performance of LiDAR sensors.

This work examines various properties, such as drift e�ects, distance e�ects, color e�ects

and sensor orientation e�ects, in the context of 3D perception. The comparison with

Velodyne's LiDAR reveals the RS-LiDAR as a more economical and accessible alternative

to the VLP-16, while maintaining similar e�ciency. However, despite being a cheaper

model compared to the VLP-16, the HDL-64E used in [24] and other top-of-the-line

models, it is still not feasible to use it in low-cost applications.

The use of 3D sensors has advantages that go beyond adding a dimension in the aspect

of the amount of information that is captured. However, for the moment, 3D LiDARs are

much more expensive than two-dimensional sensors and become impractical for low-cost
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applications. To get around this problem, there is an e�ort to transform a 2D LiDAR

into a three-dimensional sensor.

Thus, the authors in [32] discuss the possibility of creating three-dimensional maps of

the environment using a commercial 2D LiDAR in motion, based on the data from the 2D

LiDAR and its movements. Compared to a commercial 3D LiDAR, using a moving 2D

LiDAR proves to be a more cost-e�ective option. However, a number of challenges need to

be overcome if the performance of the moving 2D LiDAR is to be optimized. To address

these challenges, it is necessary to address the estimation of 2D LiDAR movements and

the identi�cation and removal of moving objects in the environment at lower scanning

frequencies. Furthermore, how to deal with moving objects in a dynamic environment

using a moving 2D LiDAR still represents an unsolved challenge in previous research.

In [33] a mechanism was developed to be mounted on the rear of a tractor that al-

lows the attachment of a 2D LiDAR model SICK LMS200 oriented to the side of the

vehicle. This mechanism also allows the vertical linear movement of the sensor with a

known constant speed. Although the sensor used is 2D, i.e., it obtains a cloud of points

corresponding to a plane or section of the object of interest, the linear movement mecha-

nism adds one more degree of freedom and allows the registration of measurement results

corresponding to di�erent planes or cross-sections of the object, generating a 3D point

cloud.

One way to improve mapping with LiDAR is to combine it with other sensors, such as

the work developed by [34], proposes an approach for navigating mobile robots in complex

environments by combining measurements from a Bumblebee stereo vision camera and

SICK LD-OEM 2D LiDAR sensor mounted on an iRobot's Packbot. The fusion of this

information is used to dynamically plan the robot's route and navigation in congested

environments.

Autonomous navigation requires an accurate and robust mapping and localization so-

lution. In these areas, several technologies are well studied and improvements are regularly

proposed in the literature, such as SLAM which is widely used in various applications,
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including mobile robotics, autonomous cars, Unmanned Aerial Vehicles (UAVs) and au-

tonomous underwater vehicles. However, the techniques used have undergone little change

over the years, as depicted in [35].

The authors of [36] study mapping and path planning for mobile robots in the context

of the RoboCup competition for indoor rescue. Three SLAM algorithms were applied

(GMapping, Hector-SLAM and Cartographer) and the data was obtained using an RGB-

D camera, to obtain an RGB image and a depth image; and LiDAR to obtain a 2D point

cloud. Path planning was done by combining the A* algorithm for global path planning

and the Dynamic Window Approach (DWA) algorithm for local path planning.

Another application of path planning with LiDAR is presented in [37], where a 3D

path planning method for bridge inspection using UAVs is proposed, integrating a Genetic

Algorithm and the A* algorithm to solve the Traveling Salesman Problem, taking into

account the identi�cation of possible defects on the bridge surface, such as cracks.

The project developed in [38] was a precursor to the present work, and proposes the

simulation of a 3D scanning system to estimate the volume of objects in indoor spaces,

with useful applications for inventory monitoring.

2.3 Used Tools

In this section, a description of the software used in the development of the system is

presented. The choice of these software was based on previous knowledge about them, as

well as their ease of use. In addition, the fact that they are free tools or have free versions

for students was considered.

2.3.1 Autodesk Inventor

Autodesk Inventor is a powerful 3D parametric modeling and engineering design soft-

ware developed by Autodesk [39]. Its logo is shown in Figure 2.4.
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Figure 2.4: Autodesk Inventor Logo.

Source: [39].

Widely used by engineers, designers and industry professionals, Inventor o�ers a com-

prehensive approach to product development from concept to production. With advanced

capabilities for creating and editing parts, assemblies and technical drawings, the soft-

ware allows users to visualize and simulate projects in 3D, optimizing the design process

and ensuring greater accuracy and e�ciency [40]. In addition, Inventor's integration with

other Autodesk tools, such as AutoCAD, enables e�ective collaboration between multi-

disciplinary teams [39].

The screenshot in Figure 2.5 shows the Autodesk Inventor 2023 workspace.

Figure 2.5: Autodesk Inventor 2023 workspace.

2.3.2 Autodesk Eagle

Autodesk Eagle is a Printed Circuit Board (PCB) design software widely used by engi-

neers and designers to create circuit board schematics and layouts [41]. It o�ers a variety
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of advanced tools that allow users to schematic electronic circuits, de�ne components,

route tracks and perform signal analysis [42]. Its logo is shown in Figure 2.6.

Figure 2.6: Autodesk Eagle Logo.

Source: [41].

With an intuitive interface, Eagle o�ers the ability to check design rules, such as

minimum distances between tracks and layout constraints, to ensure the functionality

and reliability of the circuits created. It's able to generate production-ready �les and its

integration with PCB fabrication tools make it a popular choice for electronic projects,

from simple devices to more complex systems [43].

The screenshot in Figure 2.7 shows the Autodesk Eagle workspace: on the left, the

schematic circuit editing window and on the right the board editing window.

Figure 2.7: Autodesk Eagle workspace.
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2.3.3 Visual Studio Code

Visual Studio Code (VS Code) [44] is a free, open-source, cross-platform code editor

developed by Microsoft. It is designed to be lightweight and customizable, with support

for a wide range of programming languages and extensions. Its logo is shown in Figure 2.8.

Figure 2.8: Visual Studio Code Logo.

Source: [44].

According to [44], VS Code provides features such as syntax highlighting, code comple-

tion, debugging, version control, and integrated terminal, among others. It also includes

a wide range of extensions, which can add functionality such as language support, code

snippets, themes, and integration with other tools and services.

One of the key bene�ts of VS Code is its cross-platform support, which allows devel-

opers to use the same tool across di�erent operating systems, such as Windows, macOS,

and Linux. It also has a large and active community of developers, who contribute to the

development of the editor and its extensions [44].

The screenshot in Figure 2.9 shows the Visual Studio Code workspace.
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Figure 2.9: Visual Studio Code workspace.

2.3.4 PlatformIO

PlatformIO [45] is an open source ecosystem for Internet of Things (IoT) development

and provides a uni�ed development environment for a wide range of microcontroller plat-

forms, including Arduino, ESP8266, ESP32, STMicroelectronics and many others. Its

logo is shown in Figure 2.10.

Figure 2.10: PlatformIO Logo.

Source: [45].

According to [45], PlatformIO includes a cross-platform Integrated Development En-

vironment (IDE) based on VS Code, as well as a Command-Line Interface (CLI) and

a library manager, and also supports debugging, testing and �rmware updates, among

other features.
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One of the key bene�ts of PlatformIO is its support for a wide range of microcontroller

platforms, which makes it easier for developers to switch between di�erent platforms

and maintain a consistent development environment. PlatformIO also provides a uni�ed

library manager, which makes it easier to manage dependencies and reuse code across

di�erent projects.

PlatformIO is licensed under the permissive Apache 2.0 license and is developed by

PlatformIO Labs, a company focused on providing tools and services for embedded sys-

tems development [45].

The screenshot in Figure 2.11 shows the PlatformIO extension in the Visual Studio

Code workspace.

Figure 2.11: PlatformIO extension in the VS Code workspace.

2.4 Equipment and Components Used

In this section, a description of the system hardware is provided, consisting of the

laser sensor, the drive motor and the microcontroller. These components play a key role

in measurement and data acquisition.
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2.4.1 ESP32

ESP32 is a low-cost, low-power System-on-Chip (SoC) microcontroller designed for IoT

applications which is developed by Espressif Systems, a Chinese company that specializes

in IoT solutions [46].

The Figure 2.12 shows an ESP32-WROOM module, that contains the ESP32 SoC,

�ash memory and a PCB antenna which provides outstanding Radio Frequency (RF)

performance in space-constrained applications.

Figure 2.12: ESP32 WROOM-32E Module.

Source: [46].

In [47] and [48] are shown the technical speci�cation of the ESP32 WROOM-32E

Module, which include a 32-bit dual-core Tensilica Xtensa LX6 microprocessor running

at up to 240MHz. Some of its technical speci�cations that make it suitable for this project

are presented in Table 2.1.
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Parameter Value

Processor 2-Core Tensilica Xtensa LX6, 32-bit

Frequency 240MHz

SRAM 520kB

Flash 4MB

Wi-Fi 2.4GHz (802.11 b/g/n)

Bluetooth v4.2 BR/ERD + BLE

Table 2.1: Some technical speci�cation of the ESP32 WROOM-32E Module.

Source: Adapted from [48].

ESP32 is supported by a range of development tools, including the Arduino IDE,

PlatformIO, and the ESP-IDF, which is Espressif's o�cial development framework for

the ESP32 and ESP8266 microcontrollers.

2.4.2 Neato XV-11 Laser Scanner

The Neato XV-11 laser scanner, shown in Figure 2.13, is a small, low-cost, low-power

LRF that is usually taken from Neato XV vacuum robots and is what started this whole

project.

Figure 2.13: The Neato XV-11 laser scanner.

The actual name of the sensor is Piccolo Laser Distance Sensor (LDS), as can be seen
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